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ABSTRACT

Novel chemically bonded phosphate ceramic borehole sealant, i.e. Ceramicrete, 

has many advantages over conventionally used permafrost cement at Alaska 

North Slope (ANS). However, in normal field practices when Ceramicrete is 

mixed with water in blenders, it has a chance of being contaminated with 

leftover Portland cement. In order to identify the effect of Portland cement 

contamination, recent tests have been conducted at BJ services in Tomball, TX as 

well as at the University of Alaska Fairbanks with Ceramicrete formulations 

proposed by the Argonne National Laboratory. The tests conducted at BJ 

Services with proposed Ceramicrete formulations and Portland cement 

contamination have shown significant drawbacks which has caused these 

formulations to be rejected. However, the newly developed Ceramicrete 

formulation at the University of Alaska Fairbanks has shown positive results 

with Portland cement contamination as well as without Portland cement 

contamination for its effective use in oil well cementing operations at ANS.
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NOM ENCLATURE

Cp =  heat capacity at constant pressure (joule/gm. degree C).

CPI = liquid heat capacity at constant pressure (joule/gm. degree 

CPC "G" grade = California Portland cement "G" grade.

D = diffusivity of solid.

K =  thermal conductivity (W/ cm. degree C). 

k = consistency index (lbf.secn/100ft2)

K l =  liquid thermal conductivity (W/cm. degree C).

Ks = solid thermal conductivity (W/cm. degree C).

L f=  latent heat of fusion (joule/gm. degree C). 

n = power law index.

Q30 = Quantity of filtrate collected in 30 (cc).

Qt = Quantity of filtrate collected at time t (cc).

r = radius or radial distance (cm).

r/=  thaw front radius (cm).

rw = wellbore radius (cm).

t = time (minutes).

tD = dimensionless time.

tDs = dimensionless time based on solid region diffusivity.

T = temperature (degree F).

T/= permafrost thawing temperature (degree F).

Tin = initial temperature (degree F).

Tw =  wellbore temperature (degree F). 

u = dimensionless radial distance.



Uf = dimensionless thaw-front radius.

0i. = dimensionless liquid region temperature.

0s = dimensionless solid region temperature. 

p  = density (gm/cm3). 

p L = liquid density (gm/cm3). 

c = Shear stress (lbs /100ft2). 

y = shear rate (RPM).

cj> 600 = dial reading for grace viscometer at 600 RPM. 

cj> 300 = dial reading for grace viscometer at 300 RPM.
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Chapter 1 

Introduction

1.1 Purpose of oil-well cementing

The oil-well cementing process is used throughout the world and has grown in 

complexity, with many people, organizations, and technologies contributing to 

the development of state-of- the art technologies. Oil-well cementing is a process 

of mixing a slurry of cement and water and pumping it down through a steel 

casing to critical points in the annulus around the casing or in the open hole 

below the casing string. The primary purpose of cementing is to restrict the fluid 

movements between the formations and to bond and support the casing.

In addition to isolating oil, gas, and water producing zones cement also aids in:

• protecting the casing from corrosion.

• preventing blowouts by quickly forming a seal.

• protecting the casing from shock loads when drilling deeper.

• sealing off zones of lost circulation and thief zones (Smith, 1986b).

1.2 Permafrost cementing

Permafrost is a permanently frozen subsurface formation, which exists in the 

arctic regions such as the Canadian Northwest region, the Arctic Islands, and the 

Alaskan North Slope (ANS) (Mair et al, 1971). Perm afrost is defined as the 

formation from the surface to a depth where the temperature is at 32 degree F or 

below.
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The permafrost depth may vary from 500 ft. to 2000 ft. at ANS (Morris, 1970). 

The typical depth of permafrost at ANS is about 1800 ft.

Cementing of casing in the permafrost zones on the ANS introduces unique 

operational problems. The permafrost section varies from unconsolidated sands 

and gravels with ice lenses to some areas of ice free, consolidated rock. Drilling a 

well and cementing the surface casing in this type of perm afrost requires the 

prevention of well bore enlargem ent due to thawing as well as cement that sets 

with low heat of hydration. Thus, in order to maintain the well integrity, it is 

necessary to develop cement, which sets with low heat of hydration and would 

not cause the thawing of permafrost (Mair et al, 1971).

Any cement system that is used in perm afrost cementing operations must be 

kept from freezing until after the setting reaction is complete (Morris, 1970). 

Different types of systems have been suggested and are used to solve this 

problem. However, conventional cement systems commonly used in oil-well 

cementing are not satisfactory for use in the permafrost regions. Conventional 

cement slurry has a problem of freezing at sub freezing temperatures in the 

permafrost zone, thus preventing the development of set cement when placed in 

the low temperature environment. In the permafrost regions where the operating 

temperatures are below the freezing point of water, conventional cement has 

shown undesirable properties such as shortened product life, poor compressive 

strength and uncontrolled expansion (Goodman, 1977).
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The arctic regions contain huge conventional and unconventional oil and gas 

resources. In order to tap these resources while providing safe operations, it is 

im portant to understand the unique cementing issues in cold regions and to 

develop materials more suited for use in these cold climates. Though various 

attempts have been made to improve the cement properties for cold climates, no 

technology currently exists that can make suitable cement for cold climate oil 

well cementing.

1.3 Problems associated with conventional cements

It is a challenge to design a cement for very cold climates that is capable of 

setting at subzero temperatures but features a low heat of formation to avoid 

thawing the permafrost.

Portland cement has been used over the years for oil well cementing in cold 

climates and is one of the most fundamental building blocks of cement used in 

the oil and gas industry in today's world. Significant work has been done to 

improve the properties of Portland cement and to make it adaptive to cold 

climate regions, especially permafrost zones on ANS. Set Portland cement is a 

durable and adaptable material. However, there are limits beyond which the 

material will become less than desirable (Morris, 1970).

Conventional Portland cement has difficulty in setting and performing suitably 

in freezing environm ents for various reasons (Wagh et al, 2005).

1. The water in the cement may freeze even before the cement sets.

2. The water in the pores and capillaries of the cement may freeze and expand
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which may ultimately lead to crack development and poor compressive 

strength.

3. Mismatch of expansion coefficients may produce flaws in cement during 

the "freeze-thaw  cycle."

Thus, Portland cement when used as permafrost cement can lead to casing 

collapse and the loss of well integrity.

Conventional cements have also shown the existence of a connective network of 

ice when used in permafrost well cementing operation. During the setting 

process, the ice network displaces cement slurry, resulting in a mass of channels 

in the set cement. It ultimately leads to a decrease in effective porosity but, the ice 

network can be easily disrupted by heat upon sufficient heating and hence, 

frozen cement wellbore is very likely to experience future problems with oil and 

gas migration and loss of well integrity (Nelson and Drecq, 2001).

The important function of cement used in permafrost cementing operations is to 

act as an insulative barrier between the formation and well bore (Smith, 1986a). 

However, conventional permafrost cement with high heat of hydration can lead 

to permafrost thawing around the wellbore which in turn can lead to formation 

subsidence and casing collapse.

1.4 Ideal permafrost cement properties

Effective permafrost cement should exhibit the following properties:

1. It should be pore-free so that it does not trap pore fluids. Pore fluids could 

freeze and expand, causing a crack in the matrix.
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2. It should have very low thermal conductivity so that it does not thaw the 

formation and destabilize the casing.

3. It should have low heat of hydration.

4. It should have inherent superior mechanical properties if used for load bearing 

applications.

5. It should be fast setting cement so that if used in permafrost region, it would 

allow little time for water to freeze.

6. It should exhibit good bonding properties with earth materials such as 

downhole rocks and also with casing steel.

7. The cement slurry should at least provide 3 hrs. of pumping time before it sets.

8. It should not be deteriorated by the freeze-thaw cycle.

9. It should have wait -  on -  time less than one day, developing minimum of 500 

psi compressive strength within this time (Wagh et al, 2005).

1.5 Objective of the research

The main aim of cementing material in a permafrost region is to act as a 

sufficient insulating cement during the production of oil and gas and to keep 

permafrost intact. However, conventional permafrost cements do not provide 

adequate insulation or material strength under subfreezing conditions. Thus, the 

main objective of this research work is to identify an optimum formulation of a 

"N ovel chemically bonded phosphate ceramic borehole sealant (Ceramicrete)" 

using the criteria outlined for an ideal cementing system for the arctic 

environment.
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Chapter 2 

Literature review

2.1 Introduction

Due to an increase in oil industry activity in the ANS, the northern regions of 

Canada, and the Arctic Islands, more attention has been given to special 

problems of cementing surface casing in the cold and frozen formations. 

Cementing through the permafrost in northern regions leads to a new set of 

difficulties. As exploratory efforts in these unusual environments increases, well 

completion systems are becoming more difficult to adapt. However, cementing 

techniques and materials depend on the type of permafrost (Mair et al, 1971). 

Conventional procedures for well completion practice have been used over a 

long period of time at ANS, Northern Canada Altering a conventional 

completion procedure as well as piece of completion equipm ent to cope with 

specific problem can create problems in other parts of procedure. In order to 

change the conventional procedure for well completion, a technique is required 

which will help to view the well as a ''Com plete System ". One such technique 

called "system  approach," has been used by Mobil to develop a well completion 

system for the ANS wells (Blount and Prueger, 1971).

Formations such as frozen consolidated formations, which are unaffected or 

unharmed by thawing during pumping or setting of cement slurry, can be 

cemented with any cement that will adequately set at existing curing 

temperature. Thus, there are few concerns about thawing, loss of well integrity 

and hole collapse. However, for those formations such as frozen formation
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containing ice lenses, which are incompetent and are thawed during the setting 

of cement slurry, specialized slurry must be used (Mair et al, 1971).

2.2 Cementing methodology

Oil-well cementing can be divided into two general classifications, depending on 

the objectives. These are generally known as "prim ary cem enting" and 

"secondary cem enting" (Schlumberger, 1984).

2.2.1 Primary cementing

The cementing of oil-well casing annuli is a universal practice done for a number 

of reasons, depending on casing type. Conductor casing can be cemented to 

prevent the drilling fluid from circulating outside the casing. Surface casing must 

be cemented to seal off and protect fresh water formations, provide an anchor for 

blow-out preventer equipment and give support at the surface for deeper strings 

of casing. Intermediate strings of casing are cemented in order to seal off 

abnormal pressure formation in order to isolate incompetent formation 

(Schlumberger, 1984).

2.2.2 Secondary or remedial cementing 

Squeeze cementing:

A column of cement is forced under pressure against the formation (open hole) 

into channels behind the casing or into perforation tunnels. These operations are 

performed either during drilling and completion or in workover operations.

The main reasons for "squeezing" include:



8

1. Reducing water/oil ratio.

2. Abandoning non-productive or depleting zones.

3. Supplementing a faulty primary cementing job.

4. Stopping lost circulation in the open hole during drilling.

Recem enting

Recementing (Schlumberger, 1984) is done for supplementing a faulty primary 

cementing job and extending casing protection above the cement top. In 

recementing jobs, cement is circulated into place through perforations at the top 

and bottom of the desired interval. Only circulating pressure is applied to the 

cement.

Plug back cem enting

A well may be plugged back from a deeper to a shallower depth for many 

reasons, although the most important are:

1. A bandonm ent

In this method, three or more cement plugs may be placed at different depths to 

prevent migration of fluids between permeable zones.

2. Lost circulation

In this method, a cement plug is placed opposite a zone of lost circulation in the 

hope that the cement will penetrate and seal the fractures some distance from the 

wellbore. If pressure is applied after the slurry is in place, this falls into the 

category of "low  pressure squeezing".
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3. Shutting off water

In open hole completions, it may be necessary to use cement plugs to shut off 

any bottom water.

2.3 Available permafrost cements

2.3.1 API Class A, C, or G cement

API class A, C, or G cement cannot be used for frozen unconsolidated formation 

where it is not desirable to use warm fluids.

API class A, C or G exhibit following disadvantages (Mair et al, 1971):

1. Addition of Sodium chloride into API Class A, C, or G cement leads to 

freezing of the cement before it sets and thus, it can be accompanied by 

crack development.

2. This class of cement leads to very low strength set cement slurry due to 

freeze -  thaw and presence of hydrates.

3. Due to freeze-thaw , and presence of hydrates, set cement becomes very 

permeable and filled with interconnected ice crystals (Mair et al, 1971) and 

thus, develops very low compressive strength.

API Class A, C, or G cement can be effectively used where thawing during 

drilling and cementing does not appear to be a major problem.
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2.3.2 High aluminate content cement

Calcium aluminate cements are special use cements with limited production and 

premium price (Mair et al, 1971). High aluminate cement is a rapid hardening 

cement made by fusing a mixture of bauxite and limestone at 1,500 degree C to 

1,600 degree C in a reverberatory or electric furnace or in a rotary kiln. It also can 

be made by sintering at about 1,250 degree C. Suitable bauxites contain 50 to 60 

percent alumina, up to 25 percent iron oxide, not more than 5 percent silica, and 

10 to 30 percent water of hydration. The limestone must contain only small 

amounts of silica and magnesia. The cement contains 35 to 40 percent lime, 40 to 

50 percent alumina, up to 15 percent iron oxides, and preferably not more than 

about 6 percent silica. The principal cementing compound is calcium aluminate 

(CaO x AI2O3) ("Cement" Encyclopedia Britannica, 2004).

They are gaining wider acceptance for industrial use and for cold weather 

construction application. It has been effectively used in oilfield operations for 

cementing casing for in-situ combustion secondary recovery operations. It 

basically consists of monocalcium aluminate used in Portland cement. The high 

aluminate content cement has no free lime. It is not produced by hydration as is 

the case with API classes of cement, thus, adding fly ash can create only diluents 

and no cementitious reaction occurs (Mair et al, 1971).

These cements are stable at high temperatures as long as they are kept dry, but if 

the cement becomes warm and moist, degradation occurs rapidly, regardless of 

whether the cement is green or mature. Degradation is due to a change from
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metastable crystalline structure to a cubic form which is accompanied by a color 

change from black to reddish brown (Newman, 1960).

Because of the ability to set at low and near freezing temperatures, high-alumina 

cement has been used to cement through permafrost both in Canada and on the 

Alaskan North slope. However, high alumina content cement cannot be mixed 

with Portland cement as the mixing of the two can lead to the flash setting (Mair 

et al, 1971). Thus, extreme caution has to be taken in order to avoid the 

contamination of high alumina content cement with Portland cement. In order to 

avoid degradation of high alumina content cement, precautions must be taken 

during the storage of the cement so that it will not get warm and moist.

2.3.3 Blend of Gypsum  and Portland cem ent

Gypsum is generally produced by the rapid hydration of calcium sulfate 

hemihydrate, while Portland cement is produced by the relatively slower 

hydration of calcium silicate and aluminate minerals. The addition of calcium 

sulfate hemihydrate to cement offers the benefits of improving the properties of 

the blend. Gypsum is hardly soluble in water and mixtures which include both 

gypsum and cement are not as water resistant as cement alone or cement 

containing a minor amount of gypsum (Bonen, 2005).

Gypsum-cement blend, when mixed with water freezing temperature 

depressant, can be effectively used in low and subsurface freezing temperature 

environments. The Gypsum phase in the blend sets and gains strength rapidly at 

low and subsurface freezing temperature, providing adequate strength for



12

continuing well operations. However, the Portland cement phase which sets 

slowly in the blend as well as protected from freezing, provides high strength 

and durability to blend (Mair et al, 1971).

Gypsum cement slurries can be effectively used at temperatures between 80 

degree F and 15 degree F, with salt added to help prevent freezing at 

temperatures less than 32 degree F. The Gypsum-cement slurries also become 

more permeable if allowed to freeze before setting. A material for preventing lost 

circulation can be added where a less dense slurry is required. Gypsum-cement 

blend shows very low heat of hydration, (i.e. 20 Btu per lb of slurry) which is 

desirable for its use in permafrost cementing operations (Mair et al, 1971).

The Gypsum cement blend has significant drawbacks for use in permafrost 

cementing when compared to conventional Portland cement or even Calcium 

cements. Gypsum reacts with one of the components of cement, namely, 

tricalcium aluminate to form ettringite, which may cause expansion and 

undesirable cracking. If ettringite forms early in the process (referred to as 

primary ettringite), it provides fast setting and early mechanical strength. Also, 

the addition of freezing point depressant leads to poor mechanical strength and 

unusual expansion in gypsum-cement blend. The formation of ettringite 

(referred to as secondary ettringite) is generally not desirable (Bonen, 2005; 

Colak, 2001) as it leads to poor strength development and undesirable cracking. 

Furthermore, a high cost makes Gypsum cement blend less than ideal for 

widespread use.
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2.4 Background information of Portland cement m anufacturing

Portland cement was developed from cements made in Britain in the early part 

of the nineteenth century, and its name is derived from its similarity to Portland 

stone. Portland cement is the most common type of cement in general usage in 

many parts of the world, as it is a basic ingredient of concrete and mortar 

(Banerjee, 2005). It is a fine powder produced by grinding Portland cement 

clinker (more than 90%), a maximum of about 5% gypsum which controls the set 

time, and up to 5% minor constituents (as allowed by various standards).The 

major raw material for the clinker-making is usually limestone (CaCCb). 

Secondary raw materials (materials in the raw mix other than limestone) depend 

on the purity of the limestone. Some of the secondary raw materials used are 

clay, shale, sand, iron ore, bauxite, fly ash and slag. When a cement kiln is fired 

by coal, the ash of the coal acts as a secondary raw material.

Production of Portland cement is done in three stages (Banerjee, 2005; Portland 

cement, Wikepedia: The Free Encyclopedia, 2007):

1. Preparation of the raw mixture

2. Production of the clinker

3. Preparation of the cement

The raw materials for Portland cement production are a mixture of minerals 

containing calcium oxide, silicon oxide, aluminium oxide, ferric oxide, and 

magnesium oxide.
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2.4.1 Clinker formation

The raw material mixture is first heated in a kiln, which is a gigantic slowly 

rotating and sloping cylinder, to a temperature around 1480 degree C. A complex 

succession of chemical reactions take place as the temperature rises. Sintering 

consists of the melting of 25-30% of the mass of the material. The resulting liquid 

draws the remaining solid particles together by surface tension, and acts as a 

solvent for the final chemical reaction in which "alite" is formed. Temperature 

control plays an important role in the sintering process as very high temperature 

can result in a molten glass like mass, destruction of the kiln lining, and waste of 

fuel. Very low temperature can lead to insufficient sintering. The resulting 

material is clinker (Banerjee, 2005; Portland cement, Wikepedia: The Free 

Encyclopedia, 2007).The schematic of Portland cement production is shown in 

Figure 1.

During clinker formation, the following reactions take place:

1. In the lower temperature part of the kiln, CaCC>3 (calcium carbonate) is 

converted into CaO (Calcium Oxide) and CO2 (carbon dioxide)

2. In the lower temperature part of the kiln, Calcium oxide and silicates reacts to 

form dicalcium and tricalcium silicates along with tricalcium and tetracalcium 

aluminoferrite (Banerjee, 2005; Portland cement, Wikepedia: The Free 

Encyclopedia, 2007).Finished Portland cement contents are listed in Table 1.
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Figure 1: Schematic of Portland cement production (Portland cement, 

Wikepedia: The Free Encyclopedia, 2007).

Table 1: The finished Portland cement contents (Wikepedia, 2004).

Portland cement Constituents: Mass

Calcium oxide 61%-67%

Silicon oxide 19%-23%

Aluminium oxide 2.5%-6%

Ferric oxide 0-6%

Sulphate 0-3%
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2.5 Freeze temperature depressants

Freeze point depressant is added into cementing material as it will allow it to 

hydrate properly without freezing and the cementing material can be placed at 

lower temperature.

Salts: Sodium chloride (NaCl) is the most common type of freeze temperature 

depressant which is added in small quantities along with fly ash to "Cim ent 

fondu" permafrost formulation. However, calcium chloride is used in small 

quantity in API Class G cement formulation. Thus, conventional permafrost 

cement consists of controlled set of gypsum cement, API class G cement, salt as a 

dispersant and chemical additives to control thickening time. However, there 

were some concerns that a salt cement placed against an unconsolidated 

permafrost formation may cause melting (Cunningham, 1972).

Alcohol and Polymers: Methanol and diethylene glycol are the other two freeze 

temperature depressants which appear to perform adequately as a salt 

replacement, the only adverse effect being slightly lower ultimate strengths. 

Commercial diethylene glycol anti-freeze contains rust inhibitors which are very 

effective cement retarders and should not be used (Cunningham, 1972).

The disadvantage of using freeze temperature depressant is the weakening of the 

cement formulation which can ultimately lead to loss of well integrity. Thus, the 

use of freeze temperature depressant additives has been abandoned as a primary 

solution to the freezing problem.
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2.5 Cement temperature stability

Cement used through the permafrost region must be temperature stable ; that i s , 

deterioration must not take place even if the temperature fluctuate from warm to 

sub-freezing during protection or shut-in periods during the lifetime of the well. 

Moist environm ent will cause a change in the nature of the hydration products of 

high alumina cements with resultant loss of strength, and it makes no difference 

whether these conditions occur during setting and hardening or after the cement 

has matured (Newman, 1960).

The freeze - thaw cycle mechanism of various cements is carried out as shown in 

Figure 2 where the thaw temperature is raised to 160 degree F to more closely 

simulate well head temperature and the transition time from coldest to warmest 

extended. Each freeze thaw cycle consisted of 24 hrs. at 15 degree F, 24 hrs. at 75 

degree F, 24 hrs. at 160 degree F and 24 hrs. at 75 degree F. Deterioration of High 

alumina cement can be seen from Figure 2, however, ultim ate strength of 

permafrost cement was improved by the further reaction of Portland cement at 

high temperature. It can be seen that cracks have developed in Ciment fondues 

blend.

Hence, the freeze - thaw cycle mechanism can be used to determine the 

temperature cement stability in permafrost zone (Cunningham, 1972).
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Cement thermal stability

Number of cycles

Figure 2: Temperature cement stability for existing permafrost cement 

formulation (Cunningham, 1972).
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2.6 Novel chemically bonded phosphate ceramic borehole sealant 

(Ceramicrete)

Conventional Portland cement concretes have difficulty in setting and 

performing suitably in freezing environments for several reasons. W ater in the 

cement may freeze before cement sets. Thus, the ultimate strength of these 

cements are nominal. Even high alumina cements such as "C im ent fondu" have 

exhibited some problems, especially when they are used in conjunction with 

Portland cement. They tend to flash set and also exhibit high permeability. 

Hence, a novel cement is needed to facilitate drilling and completion operations 

in permafrost regions such as ANS.

A new novel phosphate based cement, (i.e. Ceramicrete) with very low 

permeability, very low thermal conductivity and superior strength has been 

developed by researchers at the Argonne National Laboratory for use in cold 

regions. This product is also finding wide ranging applications in other cement 

applications. It is formed by an acid-base reaction between an acid phosphate 

(e.g., potassium, ammonium, or aluminum) and a metal oxide (e.g., magnesium, 

calcium, or zinc) (Wagh, 2005). A mixture of the two is then mixed with water to 

make a slurry. Magnesium oxide (MgO) is reacted with mono-potassium 

phosphate (KH 2PO 4) in the presence of water to generate magnesium potassium 

phosphate (M gKP04.6H20) as follows:

MgO + KH 2PO4 + 5 H 2O = M gK P 04.6H20 (2 .1)
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The material properties of the Ceramicrete binder can be improved with the 

addition of fly ash and other insulating materials such as styrofoam, saw dust, 

silica hollow spheres, high carbon ash, and other polymeric or inorganic fillers 

with very low thermal conductivity, for use in the permafrost cementing 

applications. Fly ash is a common industrial byproduct, both cheap and easily 

acquired in bulk quantities. In addition to increasing the strength of the final set 

product, fly ash adds to the insulative properties of the Ceramicrete and will 

reduce the cost of the blended powder. Boric acid is used as a retardant in 

Ceramicrete. Wollostonite, like fly ash, adds to the strength of Ceramicrete and 

thickening effect to the Ceramicrete slurry (Banerjee, 2005; Wagh, 2004). The 

handling technique for the Ceramicrete is the same as other conventional 

cements. No new equipment or training is required for the use of the 

Ceramicrete, and the hardened product can be assumed to behave in an 

equivalent manner to cement.

Details of the mechanism and formulation of the Ceramicrete have been 

documented by Banerjee (2005).
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Chapter 3

Determination of thawed permafrost zone around the wellbore

3.1 Introduction

One of the problems associated with oilfield operations in ANS is permafrost 

thawing around the wellbore due to heat produced during setting of the cement 

slurry in annular volume between the casing and the wellbore. The thawing may 

destroy the bond between the cement and the permafrost, cause instability and 

subsidence of the soil around the wellbore, and place high mechanical stresses on 

the casing. To prevent damage to the well, permafrost thawing is controlled by 

insulation, refrigeration, or insulation of the top several hundred feet of the well, 

while the rest of the permafrost is allowed to thaw uncontrolled.

In order to design a well completion that is economic, thermal behavior of 

permafrost and cement slurry to be used should be examined (Sengul and 

Brigham, 1983). The Stefan problem is used to forecast the rate of advancement 

of thawing front and temperature distribution in a thawed permafrost region. A 

common feature of the Stefan problem is the existence of a moving interface 

separating liquid and solid phases. The thermal properties of the two phases 

differ on either side of the moving interface, where the heat is absorbed or 

released. As the interface moves either into solid region (melting) or into the 

liquid region (solidification) depending on the relative temperature gradients of 

the two phases, the position of the moving interface is determined as a function 

of time, along with the temperature distributions in the liquid and solid regions.
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Recent tests at BJ Services have shown that a mixture of 95% of Ceramicrete and 

5% of set California Portland cement "G " grade has undergone "flash setting" 

with the final temperature of the slurry being in the range of 55 degree F to 120 

degree F. Thus, in this chapter the numerical solution is used to get preliminary 

indication of a thawed zone distance around the well bore, if the slurry of 

mixture of Ceramicrete and set Portland cement undergoes a flash setting. 

Simulations were carried out to determine the thawed zone radius around a 

wellbore in a permafrost zone using ABAQUS software with a mixture of 90% of 

Ceramicrete and 10% of dry Portland cement and the setting time of slurry is 

taken as 3.5 hrs.

3.2 Numerical method of determination of thawed permafrost zone around 

the wellbore

A practical way of determining the radius of the thawed permafrost region 

around a wellbore is presented in this chapter. A new numerical method was 

used to generate the solutions for a radial thawing of the permafrost with axial 

symmetry which was shown to be a function of three dimensional parameters 

plus dimensionless time and radius. The model generated solutions for the range 

of values of the three parameters for conditions in ANS. The dimensionless 

radius of the thawed permafrost region was related to the dimensionless time 

through simple power law equations containing two constants. The developed 

correlations were used in a computer model to find the thawed permafrost 

radius
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(Sengul and Brigham, 1983). The numerical solution is used to get a tentative 

idea about the thawed zone near a wellbore during the flash setting of a slurry of 

mixture of 95% of Ceramicrete and 5% of set Portland cement.

3.2.1 Physical system  representing perm afrost thaw ing around the w ellbore

Figure 3 shows the schematic around the well in the permafrost region after flash 

setting of slurry of mixture of 95 % of Ceramicrete and 5 % set Portland cement 

in annular volume between the casing and the wellbore. Around the wellbore, 

two regions (thawed permafrost and permafrost) are separated by a moving 

boundary. As heat is supplied to a moving boundary, due to exothermic reaction 

occurring during the setting of cement slurry, permafrost undergoes thawing 

and the thaw front moves away from the wellbore.

u=0 u= uf u=1.0

Figure 3: A schem atic representing perm afrost thaw ing around the w ellbore

(Sengul and Brigham, 1983).
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3.2.2 Assumptions

To simplify the mathematical formulation of the physical system in Figure 3

several assumptions were made (Sengul and Brigham, 1983)

1. Perm afrost and thawed permafrost are isotropic, homogeneous, and 

incompressible.

2. Thermal conductivity, specific heat and density are constant in the two regions 

However, thermal conductivity and specific heat differ on either side of the 

thaw front, but densities are same on either side of the thaw front.

3. There is no free convection in the thawed permafrost region. Heat transfer in 

the thawed permafrost and permafrost is by conduction only.

4. There are no heat sources or sinks in the system

3.2.3 M athematical formulation of physical system

Assuming axial symmetry and constant thermal properties, the differential

equation describing unsteady state heat conduction in an isotropic solid in

cylindrical co-ordinates can be expressed as (Sengul and Brigham, 1983):

1 3  5 1 dT  1N
(r — (r ,0 )  = — —  (r,f )  (3.1)

r or or D ct

D =  —  (3.2)
p.Cp

Where, D is the diffusivity of the solid.

It is useful to describe the mathematical model for the problem described in 

Figure 3 in dimensionless form. For this purpose, a logarithmic transformation is 

used to transform the radial co-ordinates (rw < r < re) into a normalized co

ordinates (0< u <  1).
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u = In (r/rw)/ In (re/rw) (3.3)

Similarly, dimensionless time for the thawed permafrost (to) and the permafrost 

region (fos) can be given as:

td = K l - t /pi'C pi (3'4)

tDS= t D/ y  (3.5)

Where, y is the ratio between thawed permafrost and permafrost diffusivities 

(D l/D s ).

Dimensionless temperature in the thawed permafrost region and the permafrost 

region can be given as

0 l (u, £d ) =  (T (r, t) -  T/)/ (Tw- Tf) (3.6)

0s (w, tos) = (T f -  T (r, t))/ (Tin-T/) (3.7)

Assuming that heat transfer occurs only by conduction in both the thawed 

permafrost and the permafrost regions, and that thawing occurs at a specific 

temperature, there are two equations corresponding to the equation describing 

the unsteady state heat conduction in the thawed perm afrost and the permafrost 

regions, respectively.

Thawed permafrost region:

(re j  rw)~2u b 2Q\ (u .tp) = bQiJu ,tp) ( 3 .8  )

[In(re/rw)}2 b u 2 btD

Where, 0< u < uf (to)

Perm afrost region:

(re / rwV2lj b 2Qs(u, to) =  y 50s(u, to) (3.9 )

[In (re/rw)}2 bu2 btD

Where, Uf(to) < u <  1.
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3.2.4 Initial and boundary conditions 

Initial condition

Initially, permafrost is at the temperature (Tin) that is lower than permafrost 

thawing temperature.

0s (u, 0) = (Tf -  Tin ) / (Tin - 7» = -1 (3.10 )

Boundary conditions

Tem perature of the inner boundary is constant (Tw) and greater than the 

permafrost thawing temperature

0 l (0, to) = (Tw -T/) / (Tw - T/) = 1 (3.11)

Outer boundary, assumed to be at infinite distance form the well, stays at the 

same temperature as Tin throughout the thawing process.

0s (1, to) = (T f-  Tin ) / (Tin- Tf) = -1 (3.12)

M oving boundary conditions

From the continuity of the temperature at the thaw front

0 l  (uf, to) = 0s (uf, to) = 0 (3.13)

Stefan Condition -  from the heat conservation consideration at moving boundary

(314)
In (re / rw)~ 8u dtD dt D

(/> = Ks(Tin -  7 } ) !(K , (Tw -  7) ) (3.15)

a  = Lf  t C PI (Tw -  Tf ) (3.16)

A solution for this model is taken as the temperature distribution in the thawed 

permafrost and the permafrost respectively and to determine the position of the 

thaw front.
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3.2.5 Results and discussion

0 2000 4000 6000 8000 10000 12000 14000
Time (sec)

Figure 4: Radius or thawed perm afrost zone around the wellbore, r/ (cm) vs. 

time (min.) for thawing.

The plot of radius of thawed zone, r/ (cm) is plotted against the time (min.) for 

thawing at different temperatures, ranging from 55 degree F to 120 degree F as 

shown in Figure 4. It can be seen that as the slurry of mixture of Ceramicrete 

(95%) and set Portland cement (5%) undergoes setting in annular volume 

between the casing and the wellbore, the permafrost zone around the wellbore 

starts thawing and as perm afrost undergoes thawing, there are chances of soil 

subsidence around the wellbore, which can lead to casing collapse. However, as 

the setting of the slurry in the annular volume is "flash setting", there are
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chances of rapid freeze-back of the thawed zone, which might prevent casing 

collapse and thus, loss of well integrity. Figure 4 does not give the exact solution 

however, it can be used to get the preliminary indication about permafrost 

thawing during flash setting of mixture Ceramicrete (95%) and Set Portland 

cement (5%) around the wellbore at ANS before conducting simulations using 

ABAQUS software.

3.3 Determination of thawed permafrost zone around the wellbore using 

ABAQUS software

ABAQUS software is used for determination of thawed permafrost zone around 

the wellbore and it has many advantages over numerical solutions for 

determining thawed permafrost zone around the wellbore. It is a very useful 

software which can generate the physical view of thawing phenomena at 

particular slurry temperature conditions. The main advantage of ABAQUS 

software is that each and every material property of both the slurry of mixture of 

Ceramicrete and dry Portland cement powder as well as the thawed permafrost 

zone can be incorporated into it, which improves the accuracy of the results. In 

order to generate the results using ABAQUS software, four different cases have 

been considered. In case 1 (section 3.3.3), it was assumed that the final 

temperature of Ceramicrete slurry after setting for 3.5 hrs. is 50 degree C. 

However, in case 2 (section 3.3.4), it was assumed that instead of 50 degree C, the 

Ceramicrete slurry after setting for 3.5 hrs will reach 32 degree C. In next two 

cases, it was assumed that after the Ceramicrete slurry set for 3.5 hrs with final 

temperature being 50 degree C, the temperature will reach to -1 degree C or 10
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degree C respectively, and its effect on permafrost zone around wellbore was 

found out.

3.3.1 M aterial properties used in "A B A Q U S" software

Properties of the slurry of 90% of Ceramicrete and 10% of dry California Portland 

cement "G " grade as well as permafrost that were used in ABAQUS software to 

generate the results are as given in Table 2. Phase change temperature and water 

content of slurry and permafrost are listed in Table 3.

Table 2: Material properties for Ceramicrete and dry Portland cement powder 

slurry and permafrost.

MATERIAL

Dry density 

(Kg/m3)

Thermal

conductivity

(J/(day-m -degree C))

Specific heat capacity 

(J/(kg- degree C))

Latent

Heat

(J/m3)Thawed Frozen Thawed Frozen

Slurry 1900 44928 879 -

Perm afrost 1521 97198 179442 2436 1848 93,436

Table 3: Phase change temperature and water content for the slurry of

mixture of Ceramicrete and dry Portland cement and permafrost zone.

M ATERIAL

Phase change temperature 

( degree C)

W ater content

(%)

Solidus Liquidas Normal Unfrozen

Slurry - _

Perm afrost -0.3 0 40 12
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Note: Slurry consists o f  90% Ceramicrete and 10% dry Portland cement and setting 

time fo r  the slurry o f  the mixture o f  90% o f Ceramicrete and 10% dry Portland cement is 

taken as 3. 5 hrs. in all simulation runs.

3.3.2 Well dimensions of typical well at ANS

For determination of thawed permafrost zone around the wellbore, a typical well 

at ANS is selected as shown in Table 4.

Table 4: Well dimensions of typical well at ANS (Gabolde, 2006)

Open hole diameter 26”

Surface casing diameter 20"

Depth of the permafrost zone 1800’

The above material properties and well dimensions are used in the "A BA Q U S" 

software to generate the results shown below:

3.3.3 Thawing of the permafrost zone around the wellbore after 3.5 hrs. at 50 

degree C.

The physical view (top view) of thawing of the permafrost zone around the 

wellbore after 3.5 hrs. at 50 degree C is shown in Figure 5.
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Figure 5: Contour diagram showing thawed zone around the wellbore at 50 

degree C.

The slurry takes approximately 3.5 hrs. to set in an annular space between the 

well bore and the casing with the temperature assumed to be 50 degree C (based 

on the test conducted at BJ Services). The thawed zone radius after setting of the 

cement slurry is indicated by the blue color band (partially thawed zone) in 

Figure 5. Flowever, the temperature (degree C) vs. thawed zone radius (m) 

(Figure 6) indicates a thawed zone radius of 9 cm (shown as dotted lines in 

Figure 6).
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Figure 6: Temperature profile for thawed zone at 50 degree C.

3.3.4 Comparison between thawed zones around the wellbore after 3.5 hrs. at 

50 degree C and at 32 degree C.

In this case, it was assumed that instead of 50 degree C, a slurry of the 

Ceramicrete (90%) and Portland cement (10%) will reach 32 degree C after setting 

for 3.5 hrs. and comparison in thawed zone around the wellbore after 3.5 hrs. at 

50 degree C and at 32 degree C was carried out.

Thawed zone around the wellbore at 32 degree C (3.5 hrs) is approximately 8.5 

cm (shown as dotted lines in Figure 8), while it is 9 cm in the case of 50 degree C 

(3.5 hrs).



33

-+•3 .200 e+01 
+0 .0 0 0 e+00 
-2 .5 0 0 c 02 
-5 .000 e - 02 
-7 .500 e - 02 
■1.000 e - 01 
- 1 ,2 5 0 e '0 1
•a .500 e-01
- 1 .  7 5 0 e -01 
• 2 .OOOeOl 
•2 .25 0e ' 01 
•2 . 500 «•01 
-2 ,7 50 e-0 1  
-3 OOOe-Ol 

--1  . 000e+00

Figure 7: Contour diagram showing thawed zone around the wellbore at 32 

degree C.

Comparison between thawed zones around the wellbore after 3.5 hrs. at 

50 degree C and at 32 degree C is shown in Figure 8.
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50 degree C.

3.3.5 Freeze back of thawed zone at -1 degree C.

In this case, it was assumed that a slurry of mixture of Ceramicrete and dry 

Portland cement after setting for 3.5 hrs with final temperature of 50 degree C, 

will reach to ambient temperature of -1 degree C and its effect on thawed zone 

was found out.

At -1 degree C (ambient temperature), the thawed zone freezes back (different 

color bands in Figure 9 indicate the partially frozen zone of permafrost) in 

approximately 5 hrs.
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Figure 9: Contour diagram for freeze back of thawed zone at ambient 

temperature (-1 degree C).

The plot of temperature (degree C) vs. thawed zone radius (m) (Figure 10) shows 

the freeze back phenomena.
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Thawed zone (m >

Figure 10: Temperature profile for freeze back of thawed zone.
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3.3.6 Continuous thawing of permafrost at 10 degree C for 1 year.

In this case, it was assumed that a slurry of mixture of Ceramicrete and dry 

Portland cement after setting for 3.5 hrs with final temperature of 120 degree C, 

will reach 10 degree C, instead of ambient temperature, i.e. -1 degree C. The 

thawed zone around the wellbore at 10 degree C is shown in figure 11.

NT111+1 .000 e+01+0 .000 e+00

-2 ,500e-02 
-5 .000 «-02 
-7 .S00e-02 
-1 .000 e-01 
*1 .250 e-01 
-1 .500 e'01 
-1 ,750 e-01 
-2 .000 e*01 ■2 .250 e-01 
-2 .500 e-01 
•2 .750 «•01 
-3 000e-01

Figure 11: Contour diagram for continuous thawing of the permafrost at 10

degree C for 1 year.

If it is assumed that the final temperature (50 degree C after 3.5 hrs.) of the slurry 

reduces to 10 degree C, then a continuous increase in the thawed zone is 

observed for 1 year which would be the obvious phenomena in any permafrost 

well cement. Thus, the thawed zone (indicated by different color bands in Figure 

11) will never freeze back in this case. Temperature profile in Figure 12 shows 

continuous thawing of the permafrost around the wellbore.
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Thawed zone (m >

Figure 12: Temperature profile during continuous thawing at 10 degree C for 1 

year.

3.3.7 Results and discussion

An analysis of results was conducted to understand the effect of heat evolved 

during the setting of the slurry of 90% Ceramicrete and 10% dry Portland cement 

on the permafrost region near the wellbore. Results generated by "A BA Q U S" 

show that the thawed zone radius is 9 cm. for 52 degree C while, it is 8.5 cm for 

32 degree C, after 3.5 hrs. If the temperature drops down to -1 degree C, i.e. 

ambient temperature, the thawed zone will freeze back. However, if the 

temperature drops to 10 degree C, the thawed zone will never freeze back. Thus, 

for well integrity, it is necessary to reduce the setting time of slurry in the 

annular volume between the wellbore and the casing. In order to avoid further 

thawing of the permafrost, the slurry should reach ambient temperature as
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quickly as possible. Thus, it can be seen from results generated using the Stefan 

method and by ABAQUS software that the permafrost zone around the wellbore 

undergoes thawing to certain extent. However, if there is rapid freeze back of 

thawed permafrost zone around well bore, then it will not cause casing collapse 

and the well will remain intact for a longer period of time. The disadvantages of 

proposed Ceramicrete formulation with contamination of 5% of set California 

Portland cement as well as with contamination of 10% of dry California Portland 

cement are listed in Table 5. However, considering other advantages of 

Ceramicrete over Portland cement, remedial measures can be taken to minimize 

the heat evolved during the setting of cement slurry and thus, to avoid the 

thawing of permafrost zone around the wellbore.
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Table 5: Disadvantages of proposed Ceramicrete formulation

M ethodology
Ceram icrete

form ulations D isadvantages
Experimental 
results and 
numerical 
solution of the 
Stefan method

Slurry of Proposed 
Ceramicrete formulation 
and 5% of set Portland 
cement

1. Flash setting of slurry 
with final temperature in 
the range of 55 degree F to 
120 degree F.
2. Less compressive 
strength with crack 
development.
3. Thawing of the 
permafrost zone around 
the wellbore to the extent 
of 9.5 cm in 4 hrs.

Experimental 
results and 
ABAQUS 
software 
simulations.

Slurry of Proposed 
Ceramicrete formulation 
and 10% of dry Portland 
cement.

1. Setting of the slurry after 
3.5 hrs. with final 
temperature in the rang of 
55 degree F to 120 degree 
F.

2. Time required to reach 
-1 degree C from 50 degree 
C is not considered.

3. Final temperature of set 
slurry is not known.
4. At 10 degree C or above 
continuous thawing of the 
permafrost zone around 
the wellbore might lead to 
casing collapse and thus, 
loss of well integrity.

Note: As the form ulation o f  Ceramicrete was not disclosed during testing at BJ Services, 

Tomball, TX, it is named as proposed Ceramicrete form ulation.
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Chapter 4

Experimental procedure and testing m ethodology

4.1 Introduction

Various laboratory tests were carried at the R & D facility of BJ Services in 

Tomball, TX with BJ Services staff to predict and evaluate the performance of the 

Ceramicrete slurry for its effective use in "Perm afrost cementing operations." 

Although other standards such as American Standard for Testing Materials 

(ASTM) and Construction Specification Institute (CSI) exist, all these tests were 

standardized by the American Petroleum institute (API).

A summary of the tests traditionally used in the cement slurry design as well as 

the API tests reference document are provided in Table 6. All of these tests were 

performed as a part of scope of this research to evaluate properties of the 

Ceramicrete.
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Table 6: API specifications of tests carried out at BJ Services, Tomball, TX.

Slurry Property Laboratory Test Test Reference

Slurry preparation for 

laboratory mixing and testing

Balances and high-shear mixers API Document 10, 

Sec. 5

Slurry viscosity Atmospheric thickening-time tester API Document 10, 

Sec. 9

Pumping time Consistometer testing API Document 10, 

Sec. 8

Free water Settling of slurry in 250-ml graduate after 

setting

API Document 10, 

sec. 5

Fluid loss of cement slurry High-pressure fluid-loss cell at 1,000 psi 

on 325 mesh screen for 30 minutes

API Document 10, 

Appendix F

Slurry density Standard Mud Balance API Document 10, 

Appendix C

Rheological properties Rotational viscometer at various shear 

rates

API Document 10, 

Appendix H

Permeability testing Special water permeability apparatus for 

set cement

API Document 10, 

Appendix G



4.2 Formulation of Ceramicrete

The formulation used to carry out the tests at R & D facility of BJ Services, 

Tomball, TX is given in Table 7 below:

Table 7: Formulation of Ceramicrete used to carry out tests at BJ Services, 

Tomball, TX

Contents Amount

Ceramicrete 400 grams.
Fly ash 400 grams.
Boric Acid 15 grams.
Tap W ater (33.12%) 265 grams.

Tests carried out at BJ Services, Tomball, TX:

The tests are carried out according to the API standards.

1. Compatibility test

2. Thickening time

3. Density measurem ent

4. Compressive strength

5. Fluid loss

6. Rheology

7. Expansion test
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4.3 Compatibility test

4.3.1 Introduction

In field operations, during Ceramicrete slurry preparation it might get mixed 

with left over Portland cement in mixer. If the mixture of Ceramicrete and 

Portland cement is not compatible, then there are possibilities that the set 

product may lead to crack development after some time, which will eventually 

lead to casing collapse and loss of well integrity .Thus, it is im portant to find out 

the compatibility of Ceramicrete with Portland cement after mixing.

4 .3 .2  Experim ental procedure:

Ceramicrete formulation shown in Table 6 (95%), with 40 grams of dry California 

Portland cement "G " grade (5%) is mixed with water at a speed of 4000 RPM in a 

blender (Figure 13). The blender speed is increased to 12,000 RPM for 35 seconds 

(according to API standards) to check the compatibility of the Ceremicrete with 

California Portland cement “G" (CPC "G ") grade.
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Figure 13: Blender used to mix 95% of Ceramicrete with 5% dry California 

Portland cement "G" grade.

4.3.3 Results and discussion:

The mixture is found to be compatible i.e. no separate layers of Ceramicrete 

(95%) and dry California Portland cement "G" grade (5%) were observed after 

mixing. Hence, Ceramicrete with contamination of Portland cement "G" grade 

can be effectively used in oilfield cementing operations.
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4.4 Thickening time testing

4.4.1 Introduction

Thickening time testing, also referred to as "consistom eter testing", measures 

the length of time the slurry will remain in a fluid state under simulated 

downhole conditions without any shutdown periods.

The consistometer consists of a rotating cylinder slurry container that envelops a 

stationary paddle. This slurry container is in turn encased within a pressure 

vessel and is surrounded in a "chilled" fluid that can manipulate the operating 

temperature. In the experimental work at BJ Services, a Chandler consistometer 

(Figure 14) was used and it was connected to a chiller to maintain its temperature 

at 40 degree F. A downhole pressure of 1500 psi was simulated in all cases with 

different operating temperatures, such as 40 degree F, 55 degree F and 70 degree 

F.

As the consistometer maintains the slurry at a desired pressure and temperature, 

the torque on the stationary paddle is measured and converted into a slurry 

consistency, in Be (Bearden units). According to API standard 10, the thickening 

time is the time at which viscosity becomes 70 Be. Upon completion of 

consistometer testing, the Ceramicrete slurry is sufficiently mixed and thickened 

to prepare a set product.

The thickening time test is carried out for slurries of both Ceramicrete without 

California Portland cement "G " grade (CPC "G ") contamination and
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Ceramicrerte with (5%) California Portland cement "G " grade (CPC "G ") 

contamination.

Figure 14: Chandler consistometer for measuring thickening time of cement 

slurry.

4.4.2 Results and discussion

The API standard specifies that an oilfield cement should exhibit a pumping time 

ranging from 3 to 5 hrs. At BJ Services, Tomball, TX, consistometer tests were 

performed using the defined Ceramicrete blend, with each test occurring at 1500 

psi and at different temperatures such as 40 degree F, 55 degree F and 70 degree
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In the first case i.e. at 1500 psi and 40 degree F (Figure 15 and Figure 16), the 

thickening time (or time at which viscosity of slurry becomes 70 Be) for both 

Ceramicrete with (5%) CPC "G " (California Portland cement "G " grade) 

contamination and Ceramicrete without CPC "G " (California Portland cement 

"G " grade) contamination, is approximately 5 hrs.; which meets the API 

standards. In the second case, i.e. at 1500 psi and 55 degree F, the thickening time 

for Ceramicrete without CPC "G " (California Portland cement "G" grade) 

contamination is approximately 2.30 hrs. While, in the third case, i.e. at 1500 psi 

and 70 degree F , the thickening time for Ceramicrete without CPC "G" 

(California Portland cement "G" grade) contamination is approximately 1.00 hr.; 

which is significantly less than what is required by API standards.

It can be seen from first case that the thickening time for both Ceramicrete with 

contamination of CPC "G" and Ceramicrete without contamination of CPC “G" 

is 5 hrs. It indicates that there in no change in the thickening time with 

contamination of Portland cement "G" grade with Ceramicrete slurry and 

Ceramicrete slurry can be assumed to behave ideally at 1500 psi and 40 degree F 

(according to API standards) in oil-well cementing operations at ANS. The 

thickening time for Ceramicrete slurry without contamination of Portland 

cement “G" grade at conditions mentioned in case 2 and case 3 is less than what 

is required by API standards. Thus, Ceramicrete slurry can not be used that 

effectively at these conditions (second case and third case), i.e. for higher 

temperature oil field operations.
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Figure 15: Thickening time measurement for Ceramicrete (95%) with 

contamination of dry California Portland cement "G" grade (5%).

contamination of California Portland cement "G" grade (5%).
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4.5 Density measurement

4.5.1 Introduction

There are many industrial operations and processes in which the success of the 

operation depends on reliable measurement of the density of a liquid. In oil-well 

cementing operation the cement slurry is injected into an annulus formed 

between the pipe casing and the wall of the borehole. When the slurry reaches 

the desired location in the borehole it is allowed to harden.

To achieve a satisfactory job in oil well cementing, it is extremely im portant to 

closely regulate the density of the cement slurry during the injection operation. 

The density of cement slurry is a measure of the amount of water used with a 

sack of dry cement material. The amount of water in the slurry controls many 

physical properties of the cement. A large amount of water can increase the 

thickening and setting time of the cement beyond a desirable period. An excess 

of water in the slurry can also cause shrinkage, which will weaken the set 

cement. In contrast, if the slurry contains a lesser amount of water it will increase 

the initial viscosity and thixotropy of the cement and cause plug flow or a 

preliminary flash setting.

Drilling fluids and cements often have a considerable amount of air entrained or 

trapped within the fluid that may give erroneous results when determining fluid 

density using conventional equipment. This air volume may be decreased to a 

negligible quantity by pressurizing the sample cup, which could give more 

accurate density readings of the fluid. Thus, the absolute density of Ceramicrete 

with and without contamination of California Portland cement "G " grade can be
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determined accurately using Halliburton Tru-Wate™ pressurized fluid density 

scale (Figure 17.)

The operation is similar to the conventional mud balance, with the additional 

capability of placing the sample in the cup under pressure.

Figure 17: Halliburton Tru-W ate™  pressurized fluid density scale.
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4.5.2 Results and discussion

The densities of slurries of Ceramicrete without 5% dry Portland cement 

contamination as well as with 5% of dry Portland cement contamination were 

measured using Tru-Wate™ pressurized fluid density scale.

1. The Density of Ceramicrete without contamination of California Portland 

cement "G " Grade: 15.6 ppg (1.88 grams/cc).

2. The Density of Ceramicrete with contamination of Portland cement i.e 

(mixture of 95% of Ceramicrete and 5% of dry California Portland cement “G" 

grade): 15.7 ppg (1.88 grams/cc).

As specified by API standards, the California above determined slurry density 

for both Ceramicrete without contamination of Portland cement "G" grade and 

Ceramicrete with 5% contamination of California Portland cement “G" grade is 

same. Even if the density of pure Ceramicrete and Ceramicrete with 

contamination of Portland cement is less than that of conventional Portland 

cement, there is decrease in interstitial spacing in Ceram icrete with and without 

contamination of California Portland cement "G " grade. Presence of porous 

spaces is one of the primary problems in arctic cementing operations. W ater and 

other fluids fill these spaces and freezing temperatures can lead to expansion of 

the fluids and cracking of the set product. Ceramicrete with less density offers 

less porous space for potential invasion of fluids and thus, avoid cracking of the 

set product at freezing temperatures. Thus, both can be used effectively for 

permafrost oil field operations and density of Ceramicrete can not be altered by 

contamination of CPC “G" (California Portland cement "G" grade).
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4.6 Compressive strength testing

4.6.1 Compressive strength measurements using Ultrasonic cement analyzer

The UCA (Ultrasonic Cement Analyzer, Figure 18) is used to provide an 

indication of the relative strength development of a slurry sample while it is 

being cured under downhole temperature and pressure conditions. Relative 

strength is determined by measuring the change in velocity of an ultrasonic 

signal transmitted through the cement slurry specimen as it cures. As the 

strength of the cement specimen increases, the transit time of the ultrasonic 

signal through the specimen decreases, allowing the relative strength to be 

calculated.

The slurry sample to be tested is prepared in accordance with API recommended 

practices, then placed in a temperature and pressure controlled cell to simulate 

the curing conditions that are expected downhole. Each cell of the Model 2000 is 

a stand alone instrum ent designed to supply a complete data set. The data is 

downloaded to a computer for data archive. An embedded controller replaces 

the central processor unit. It is capable of running the CTE custom W indows® 

software that measures the transit time of the ultrasonic signal through the slurry 

specimens and computes the relative compressive strength values. Data points 

are measured and recorded continuously on-board in flash memory. A numeric 

display of the current strength measurement, temperature and transit time; or a 

graphical plot of these test parameters versus time is available continuously on 

the 10.4 inch touch screen provided with each cell. Current temperature and 

pressure is always displayed numerically. A plot of pressure can be substituted
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for transit time if desired. The touch screen monitor also allows the user to access 

the control, diagnostic, and calibration functions of the embedded controller.

Temperature control is provided through a fuzzy logic control algorithm by the 

same embedded controller used on CTE's pressurized curing chambers and 

Consistometers. The desired temperature profile is easily programmed using the 

touch screen features of the monitor. Step by step instructions are displayed on 

the monitor, making operation of the device easy to use. After the desired 

temperature profile is entered, a preview of the ramp is displayed graphically for 

pre-test inspections to prevent programming errors. The pressure is controlled 

manually, using an air operated high pressure pump and a pressure relief valve.
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Figure 18: Ultrasonic cement analyzer for compressive strength testing.
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4.6.2 Results and discussion

The compressive strength of Ceramicrete slurry with and without contamination 

of California Portland cement "G" grade is determined using UCA at 40 degree

1. Compressive strength of Ceramicrete with contamination (5%) CPC "G "at 24 

hrs.= 42 psi.

2 . Compressive strength of Ceramicrete with contamination (5%) C PC "G "at 48 

hrs.=972 psi (Figure 19).

3. Compressive strength of Ceramicrete without Contamination of C PC "G "at 24 

hrs.= 332 psi (Figure 20).

4. Compressive strength of Ceramicrete without Contamination of CPC "G" at 48 

hrs.= 135 psi.

Thus, it can be seen that the compressive strength of Ceramicrete with 

contamination of California Portland cement “G ” grade at 48 hrs. (972 psi) is 

greater than that of pure Ceramicrete. However, in all of the cases there were no 

signs of freezing, flash setting or of increased porosity. It can be concluded that 

contamination of Portland cement in Ceramicrete has improved the compressive 

strength of the Ceramicrete. Thus, contaminated Ceramicrete can be effectively 

used over other permafrost cementing formulations.



Figure 19: Compressive strength of Ceramicrete (95%) with contamination of dry California Portland cement 

"G" grade.
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4.6.3 Compressive strength measurement by curing method

The Model 200 HTHP curing chamber is utilized to prepare cement specimens 

for compressive strength tests. It is necessary to determine the amount of time 

required for a cement to develop compressive strength so that 

drilling/production operations can be resumed as quickly as possible. The HTHP 

curing chambers provide a means of curing cement specimens under typical 

downhole temperatures and pressures.

In this method, cement is first poured into a special mold (Figure 21) that 

produces specimens measuring 2" x 2" x 2". These molds are then kept in a water 

bath in the Model 200 HTHP curing chamber (Figure 22) at 40 degree F for a 

specified period of time by API standards, so that the specimen will develop 

sufficient compressive strength. The compressive strength is measured by 

compressing the cubes using the compressive strength measuring equipment 

shown in (Figure 23). The Results are recorded via a computer connected to the 

equipment. The compressive strength of Ceramicrete without contamination of 

dry Portland cement is measured after 24 hrs., while compressive strength of 

mixture of Ceramicrete (95%) and dry Portland cement (5%) is measured after 48
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Figure 21: 2" x 2" x 2" molds with mixture of Ceramicrete slurry and 5%  

California Portland cement "G" grade for compressive strength testing.
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Figure 22: Model 200 HTHP curing chamber to prepare cement specimens for 

compressive strength testing.

Figure 23: Instrument to measure compressive strength of 2"  x 2" x 2" cubes at 

the R & D Center, BJ Services, Tomball, TX.
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4.6.4 Results and discussion

According to API standards, the compressive strength of permafrost cement 

should be 500 psi after 24 hrs. The compressive strengths measured using Curing 

methods are given below:

1. Compressive strength of Ceramicrete without Contamination of dry California 

Portland cement "G " grade after 24 hrs. = 292 psi.

2 . Compressive strength of Ceramicrete without Contamination of dry California 

Portland cement "G " grade after 48 hrs. = 50 psi.

3. Compressive strength of Ceramicrete with contamination of Portland cement

i.e mixture of 95% of Ceramicrete with 5% of Portland cement after 48 hrs.=

698 psi.

It can be seen that the compressive strength of Ceramicrete without Portland 

cement contamination after 48 hrs. is 292 psi, which is less than what is required 

by API standards. The reduction in compressive strength after 48 hrs. may be 

due to the development of a crack in set Ceramicrete binder after 24 hrs. In the 

case of Ceramicrete with 5% Portland cement contamination, the compressive 

strength was not measured at 24 hrs., as it was very negligible. However, there 

was a sudden increase in the compressive after 24 hrs. Hence, it can be concluded 

that compressive strength of the proposed Ceramicrete binder can be increased 

with Portland cement contamination.
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4.7 Fluid loss testing

4.7.1 Introduction

Successfully cementing the casing string of an oil or gas well is highly dependent 

upon the characteristics of the cement slurry. Well cements that have poor 

filtration control can lead to a complete failure of the cementing operation. In 

addition, the invasion of filtrates into producing zones causes formation damage, 

which can greatly reduce the production potential of the reservoir. Developing 

cement slurries that have minimal filtration loss prevents expensive remedial 

cementing operations and reduces formation damage. The stirred fluid loss tester 

(Figure 24) at BJ Services, Tomball, TX was used for determining the fluid loss 

characteristics of the cement.

4.7.2 Experimental procedure

Cement slurry is first prepared according to specifications with fluid loss control 

additives such as FL-63 and FL-25 and then, poured into the consistometer cup. 

The gear drive system is connected to an agitation paddle, which is 

dimensionally equivalent to an atmospheric consistometer paddle. The desired 

test temperature is maintained by a digital temperature controller, while the 

necessary pressure is applied to the cell to prevent evaporation of the liquid 

phase. When conditioning the cement in accordance to API Specification 10 

guidelines, the paddle is rotated at 150 rpm for 20 minutes. Once the cement is 

conditioned, the test cell is rotated 180 degrees and the desired differential 

pressure is applied to the cell. The filtrate is collected in a back pressure receiver 

for 30 minutes. The API standards define fluid loss as the volume (cc) of filtrate 

that is collected during this 30-minute interval.
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Figure 24: Stirred fluid loss tester at BJ Services, Tomball, TX. 

4.7 .3  Results and discussion

Fluid loss measurements were carried out under following conditions: 

Data:

Temperature: 77 degree F.

Pressure: 1000 psi.

Time for filtrate collection: 30 min.



64

Calculations:

Filtrate is collected after 30 mins. If test "spurts" in less than 30 minutes, fluid 

loss can be calculated by:

Q 30 = Quantity of filtrate collected in 30 mins, cc 

Qt = Quantity of filtrate collected at time t, cc 

t = time in minutes

1. Fluid loss for non contaminated (without dry Portland cement) Ceramicrete 

without fluid loss control additives can be calculated using equation 4.1.

= 33 x 5.477/Vl.43 

= 150.96 cc 

Fluid loss = 2 * 150.96 = 301.92 cc/30 min.

2 . Fluid loss for non-contaminated Ceram icrete with 8% w/w FL-25 fluid loss 

additive can be calculated using equation 4.1.

Q3o = Q t x 5.477/ Vt (4.1)

= 34 x 5.477/ V.76 

= 213.6 cc

Fluid loss = 2 * 213.61 = 427.2 cc/30 min.

Q 3 0 = Q t x 5.477/ Vt (4.1)

Q 30 = Qt x 5.477/ Vt (4.1)
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3. Fluid loss for non contaminated Ceramicrete with 8% w/w of FL-63 fluid loss 

additive can be calculated using equation 4.1.

Qso =  Q.  x 5.477/ Vt (4.1)

= 34 x 5.477/ 3.909

= 51.84 cc.

Fluid loss = 2 * 51.84 = 103.68 cc/30 m in

Table 8: Fluid loss measurements.

TYPE Q*

(CC)

Tim e

(min)

Q 30

(CC)

Ceramicrete without CPC"G” and fluid loss 

control additives

33 1.43 301.92

Ceramicrete with (5%) CPC"G" and 8% w/w FL-25 34 0.76 427.2

Ceramicrete with (5%) CPC"G" and 8% w/w FL-63 34 16 103.78

From the results in Table 8, it can be seen that the fluid loss for non-contaminated 

Ceramicrete without any fluid loss control additive or with 8% w/w of FL-25 

fluid loss control additive is much more than that of FL-63. Thus, FL-63 can be 

effectively used with Ceramicrete slurry as a fluid loss control additive in oilfield 

operations.
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4.8 Rheology measurements

4.8.1 Introduction

Rheology is the science and study of the flow and deformation of fluids. It 

describes the relationship between the flow rate (shear rate) and the pressure 

(shear stress) that causes movement. It enables one to determine the flow regime 

needed for optimum cement slurry placement and to calculate values for friction 

pressure within the pipes and annulus (Schulumberger, 1984).

Rheology is an extremely important property of drilling, completion and cement 

hydraulics in well operations. The flow properties of wellbore fluids (water, 

mud, cement slurries, mud spacers, and displacement fluids) are conventionally 

classified as "N ew tonian or Non-Newtonian."

Newtonian fluids exhibit a direct and constant proportionality between shear 

rate (which is related to flow velocity or rate) and shear stress (which is related to 

flowing pressure drop) as long as the flow regime is laminar. In this type of fluid, 

viscosity is independent of shear rate at a constant temperature and pressure. 

Non-Newtonian, fluids such as cement slurries show different behavior than 

Newtonian fluid. Frequently these are Theologically complex particle bearing 

fluids that are usually described as "Bingham  Plastics "or "pow er law fluids." In 

this study, the power law model is used exclusively (Banerjee, 2005), which 

describes the relationship between the shear stress and shear rate of cement as an 

exponential relationship.
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C= k. (Y)n (4.2)

Where, C = Shear stress (lbs/100ft2). 

y = shear rate (RPM). 

n = Flow behavior index, 

k = Consistency index (lbf. sec" /100ft2).

Stress (lbs/100ft2) vs. strain (RPM) plots are used to characterize the fluid based 

on "n " values, i.e. 

n = 1 (Newtonian fluid) 

n < 1 (Pseudo plastic fluid) 

n > 1 (Dilatant fluid).

However, k (lbf. see" /100ft2) values are used to know the properties of the fluid 

such as viscosity, pumping time of cement slurry and thickening effect. In this 

work, Ceramicrete binder slurries with contamination of Portland cement as well 

as without contamination of Portland cement are of special interest. Ceramicrete 

slurries with k >l exhibit high viscosity values which will eventually lead to an 

increase in pumping time of Ceramicrete slurry.
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4.8.2 Experimental procedure

There are two different data sets (at different RPM 's) of viscosities that are 

generated using GRACE viscometer.

1. Viscosity measurements before conditioning: The first data set of viscosity is 

obtained without conditioning the cement slurry. In this method, the 

Ceramicrete with or without contamination of California Portland cement "G" 

grade is mixed with fluid loss control additives and then, the viscosity is 

measured using GRACE viscometer (Figure 25.).

2. Using atmospheric consistometer (Figure 26): The cement slurry is first 

poured into consistometer cup and then, it is rotated at atmospheric pressure and 

with temperature control. In this method, temperature is measured accurately 

using a microprocessor-based temperature controller. Rotational speed of the 

slurry container is held constant by the drive motor assembly, which is factory 

set at 150 rpm. Internal cooling coils provide a quick cooling of the slurry. The 

strip chart recorder option on the Model 1250 provides a permanent record of the 

temperature and viscosity.
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Figure 26: Atmospheric consistom eter for conditioning cement slurry.
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4.8.3 Results and discussion

Table 9: Rheological properties for Ceramicrete without contamination of CPC
"G " at room temperature.

Without

Contamination:

600

RPM

300

RPM

200

RPM

100

RPM

6

RPM

3

RPM

Before conditioning: 155 85 63 38 12 10
After conditioning: 180 107 83 53 12 10

Table 10: Rheological properties for Ceramicrete with contamination of CPC 
"G " at room temperature.___________________________________________________

With contamination
600

RPM
300

RPM
200

RPM
100

RPM
6

RPM
3

RPM
Before conditioning: 106 62 43 26 9 8
After conditioning: 138 87 58 35 9 8

Table 11: Rheological properties for Ceramicrete slurry with 8% w/w of FL-63 
additive at room temperature.

Regular w/8% FL-63
600

RPM
300

RPM
200

RPM
100

RPM
6

RPM
3

RPM
Before conditioning 264 137 99 60 13 12
After conditioning 328 179 129 74 14 11

Table 12: Rheological properties for Ceramicrete slurry with 8% w/w of FL-25 
additive at room temperature.________________________________________________

Regular w/8%FL-25:
600

RPM
300

RPM
200

RPM
100

RPM
6

RPM
3

RPM
Before conditioning: 445 254 198 114 21 14
After conditioning: 735 436 313 181 26 18

From the above tables, it can be concluded that after conditioning the viscosity of 

the cement slurry increases. With fluid loss control additives like FL-25, the
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viscosity is high. This may cause some problems while pumping the cement 

downhole.

Fluid characterization:

Plots (Figures 27-30) of shear stress (lbs/100ft2) vs. shear rate (RPM) were used to 

characterize the fluid.

Shear rate (RPM)

Figure 27: Rheogram for Ceramicrete slurry at room temperature with 

contamination of California Portland cement "G" grade at room temperature.
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Figure 28: Rheogram for Ceramicrete slurry at room temperature without 

contamination of California Portland cement "G" grade at room temperature.
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Figure 29: Rheogram for Ceramicrete slurry at room temperature with 8% w/w  

FL-25 at room temperature.
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of FL-63 at room temperature.

W hen shear stress (lbs/100ft2) is plotted against shear rate (RPM), it can be seen 

from Figures 27-30 that the various Ceramicrete slurries listed in Tables 9-12 

exhibit the properties of pseudo plastic power law fluid model. An exponential 

relationship of shear rate and shear stress for Pseudo Plastic Power Law Fluid 

Model for as listed in tables can be described as

t=  k. (y)n (4.2)

W here, C = Shear stress (lbs /100ft2) 

y = shear rate (RPM).
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Since the Ceramicrete slurry properties listed in Tables 9-12 exhibit power law as 

fluid a property, equation 4.2 is used to calculate the n and k (consistency index) 

values as follows:

n = 3.32 log (<(> 600/^300 (4.3)

k= (J> 600/ (1022)n (4.4)

Where, (j) 600 and 4>300 are dial readings for grace viscometers at 600 RPM and 

300 RPM respectively.

Table 13: "n" and "k " values for Ceramicrete slurry with contamination at room 

temperature.

Ceram icrete slurry w ithout contam ination

RPM Before C onditioning A fter conditioning
3 8 8
6 9 9

100 26 35
200 43 58
300 62 87
600 106 138

n 0.773275064 0.665194648
k(lbf.secn/100ft2) 0.498927389 1.373700843
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Table 14: "n "  and "k "  values for Ceramicrete slurry without contamination at

room temperature.

Ceramicrete Slurry without 
contamination of CPC "G"

RPM Before conditioning After conditioning

3 10 10

6 12 12

100 38 53

200 63 83

300 85 107

600 155 180

n 0.866230405 0.749950575

k(lbf.secn/100ft2) 0.383091392 0.995868433

Table 15 : "n" and "k " values for Ceramicrete slurry with 8 % w/w of FL-25 at 

room temperature.

Ceramicrete slurry with 8% w/w of FL- 
25

RPM
Before
conditioning

After
conditioning

3 14 18
6 21 26

100 114 181

200 198 313

300 254 436

600 445 735

n 0.808507297 0.752978821

k (lbf.secn/100ft2) 1.640800028 3.982015187
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Table 16: "n " and "k " values for Ceramicrete slurry with 8 % w/w of FL-63at

room temperature.

Ceram icrete slurry w ith 8% w/w of FL-63

RPM Before conditioning A fter conditioning

3 12 11

6 13 14

100 60 74

200 99 129

300 137 179

600 264 328

n 0.945812754 0.873229098

k (lbf.secn/100ft2) 0.375890661 0.772291208

It can be concluded from Tables 13-16 that all Ceramicrete slurries exhibit n <l, 

which shows that Ceramicrete slurries listed in Table 8-11 exhibit Pseudo Plastic 

Power Law Fluid Model.

"n" (power law index) values for Ceramicrete slurries are similar to conventional 

cements used in oilfield operations. However in some cases "k" (consistency 

index) values are more than 1 such as Ceramicrete slurry with 8 % of FL-25 flow 

loss contol additive (for both before and after conditioning) and Ceramicrete 

with contamination of Portland cement (after conditioning).

Thus, it can be seen that those Ceramicrete slurries which has "k" (consistency 

index) values more than 1, undergo a rapid thickening. With such Ceramicrete 

slurries (k>l), high viscosity values can be seen and may cause a problem during
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pumping the slurry downhole. In this case, FL -25 fluid loss additive leads to 

increase in "k " value of the slurry and hence, it is not suitable for the proposed 

Ceramicrete formulation. Thus, Ceramicrete slurry along with 8% w/w of FL-63 

fluid loss control additive can be used as permafrost oil well cem ent formulation.

Hence, by characterizing the cement behavior, as shown in the above tables, one 

can find out the pressure drop of the system; which can help in pump sizing , 

casing and drill pipe design.

4.9 Expansion Test of Ceram icrete slurry at 40 degree F

4.9.1 Introduction

A well-known practice in oil and gas wells is to cement a steel casing in place 

within the bore by placing cement slurry between the steel casing and the 

formation walls. Conventional permafrost cements exhibit the problem of 

shrinkage upon setting in annular volume between casing and wellbore at lower 

temperature which leads to poor mechanical bond between the casing and the 

bore wall. Such situation may allow undesirable fluid (liquids and gases) to 

communicate between different formation zones penetrated by the bore, or even 

allow fluids produced in certain zones to undesirably leak to the surface 

(Cheung, 1999).

Expansive agent when used along with cement formulation will overcompensate 

for the cement shrinkage which ultimately leads to expansion of the cement 

slurry. Net expansion, or simply expansion of a cement means that the 

unrestrained set cement will exhibit a volume increase over its liquid (i.e. slurry)
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phase. Such a net expansion helps ensure a good cement bond to both the casing 

and the bore wall.

The expansive agent must be designed such that, at the temperature to which the 

liquid cement will be exposed, it does not attempt to produce most of its 

expansive effect while the cement is still liquid as there will be no net expansion 

of the set cement (Cheung, 1999). Furthermore, for practical reasons, it will often 

be desirable that the expansion in the set cement must be at a practical rate of the 

temperature and other conditions to which it is to be exposed.

Some wells may experience thermal shock, i.e. sudden change in temperature, 

which may lead to the loss of compressive strength of a set cement. Certain 

cement expansive additives perform well at lower temperatures and pressures; 

these cement additives may not perform well at elevated temperatures and 

pressures. Thus, it is necessary to get an optimum concentration of proper 

"expansive additive", which would eventually suffer least thermal shock effect.

In order to drill the well in a permafrost zone at ANS, it is necessary to take into 

consideration the effect of lower temperature on expansive additive and the 

proposed oil well cement expansion. However, in the case of Ceramicrete Binder, 

MgO (Magnesium Oxide) is used as an "expansive additive," which also initiates 

the reaction required for the development of Ceramicrete binder. In order to 

analyze the behavior of MgO in Ceramicrete as an "expansive additive" and 

eventually a proposed Ceramicrete formulation, the expansion tests have been 

carried out at BJ Services, Tomball, TX at lower temperatures.
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4.9.2 Experimental procedure

In order to analyze the effect of a lower temperature on Ceramicrete slurry, it 

was poured into specialized molds and then it was allowed to set at 40 degree F. 

The specialized molds (Figure 31) at BJ Services, Tomball, TX consists of the first 

section adjacent to the base and functionally associated with a first anchor block, 

while a second section is functionally associated with the first section and 

adjacent to the base. Thus, a mold is comprised of the first section, the second 

section, and the base into which a measurable amount of Ceramicrete slurry can 

be placed. In this mold, the second section is functionally associated with a 

second anchor block. A sensor is used to measure the movement of the first and 

second sections relative to each other in response to volumetric changes in the 

cement when the cement is exposed to lower temperatures and the data is 

recorded over a period of time.

The main goal in carrying out the Ceramicrete slurry expansion test was to see 

whether Ceramicrete slurry had undergone expansion with or without crack 

development at a lower temperature so that it can be used effectively at ANS in 

oil-well cementing operations.
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4.9.3. Results and discussion:

Figure 31: Crack development in proposed Ceramicrete binder after setting 

and expansion at 40 degree F.

It can be seen from Figure 31 that the Ceramicrete slurry has undergone 

expansion after setting at lower temperature, i.e. 40 degree F with crack 

development.
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Note: The Picture was taken after the expansion test. The amount o f Ceramicrete above 

the mold rim is due to expansion o f Ceramicrete slurry at 40 degree F and the crack 

developed after Ceramicrete slurry expansion at 40 degree F is indicated by red circle.

The possible reasons for the crack development after Ceramicrete slurry setting 

and expansion at 40 degree F could be the "flash setting", i.e. when proposed 

Ceramicrete binder formulation is mixed with a given quantity of water, i.e. 

water quantity required to mix proposed Ceramicrete binder formulation in a 

mixer, the slurry undergoes instantaneous setting in the mixer. This leads to a 

formation of highly viscous Ceramicrete slurry and further mixing of 

Ceramicrete binder is not possible. The flash setting of a Ceramicrete binder 

slurry is also accompanied by a high amount of heat evolution. In order to get a 

stable Ceramicrete after setting, it is im portant that some unreacted M gO 

particles are available in phosphate solution, as these metal oxides provide 

nucleation points for crystallization into a well connected crystal lattice (Wagh, 

2003; Banerjee, 2005). In case of flash setting, there will not be enough MgO 

particles in acidic phosphate solution to provide nucleation points and thus, the 

crystallization process may remain incomplete with a possible formation of 

unstable crystal lattice. The flash setting is usually observed with low M gO 

content in the Ceramicrete binder formulation.

The crack development can also be observed with a high MgO content for a 

given amount of Potassium Phosphate in the Ceramicrete binder formulation. 

Generation of the Ceramicrete binder begins with the dissolution of potassium
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phosphate (K H 2P O 4). When metal oxides are stirred into an acid solution, the 

oxide generally separates into two component parts, a metal cation and an 

oxygen containing anion. The metal cations reacts with free water molecules and 

forms positively charged 'aquasols' by hydrolysis (Wagh, 2003; Banerjee, 2005).

Eventually, the formation of a stable Ceramicrete binder depends on equation 4.7 

and to drive this reaction forward an excess amount of K H 2P O 4 should be used; 

it leads to the generation of cations required for dissolution and hydrolysis of 

M g2+ in step 4.7 (Le Chatelier's principal). Hence, if MgO is used in excess 

instead of K H lPO-j, in a particular Ceramicrete formulation, it will probably lead 

to formation of an unstable Ceramicrete binder. Thus, it is necessary to 

determine the optimum percentage of MgO (expansive additive) for a given 

amount of K H 2P O 4 to be used in the Ceramicrete binder to prevent the crack 

development after its setting at a lower temperature.

KH 2PO4 2H+ + K P042- (Dissolution of phosphate) 

MgO + 2H+ <->■ M g2+ + H 2O (Dissolution of metal oxide) 

M g2+ + H2O -> [M g*H20]2+ (Formation of aquasol)

(4.5)

(4.6)

(4.7)
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Chapter 5

Determination of optimum amount of MgO in Ceramicrete binder

5.1 Introduction

It has been observed that a proposed Ceramicrete binder has developed a crack 

after setting and has expanded at lower temperature, i.e. 40 degree F. As 

discussed in Ceram icrete expansion test at 40 degree F, the crack development 

could be either due to a higher or lower percentange of MgO in the proposed 

Ceramicrete binder than percentage of K H 2PO 4. Thus, it is very important to 

determine the optimum percentage of "expansive additive" i.e. MgO to be used 

in the Ceramicrete binder for a given percentage of K H 2P O 4 to avoid crack 

development, which might lead to loosening of set Ceramicrete after some time. 

Thus, in order to avoid casing collapse and to establish well integrity, it is 

im portant to come up with a formulation of Ceramicrete binder with proper 

percentages of MgO (Magnesium Oxide), K H 2P O 4 (potassium phosphate), C- 

class fly ash, Boric acid and Wollastonite, which are the main constituents of 

Ceramicrete binder.
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5.2 Ceramicrete formulation preparation

In this case, M gO (25% by weight), K H 2P O 4 (27.2% by weight), C-class fly ash 

(10.2% by weight), W ollastonite (10.2% by weight), Boric acid (0.09% by weight), 

and water (27.2% by weight) (Banerjee, 2005) were used as a base formulation. 

The MgO concentration was varied which was less than percentage of MgO in 

the base Ceramicrete binder formulation (Tables 17-20). In order to take into 

consideration the effect of Portland cement contamination on Ceramicrete binder 

during its mixing in normal field practices, the selected permafrost Ceramicrete 

binder formulations were mixed with 5% of dry California Portland cement “G" 

grade. Thus, to find out the optimum percentage of "expansive additive," i.e. the 

MgO to be used and eventually to come up with optimum permafrost 

Ceramicrete formulation for ANS, the following permafrost formulations were 

used.

Table 17: Base formulation of Ceramicrete binder.

Base Ceramicrete Formulation

Contents %

MgO 25

K H 2P 04 27.2

C-class fly ash 10.21

W ollastonite 10.2
Boric acid 0.09

Water 27.3

Total 100



Table 18: Sample Ceramicrete formulation #1.

Sam ple Ceram icrete Form ulation # 1

Contents %

MgO 22.9

K H 2P O 4 28.5

C-class fly ash 10.6

Wollastonite 10.6

Boric acid 0.1

W ater 27.3
Total 100

Table 19: Sample Ceramicrete formulation #2.

Ceram icrete form ulation # 2

Contents %

MgO 21.5

K H 2P O 4 29.1

C-class fly ash 11

Wollastonite 11

Boric acid 0.1

Water 27.3

Total 100

Table 20: Sample Ceramicrete formulation #3.

Ceram icrete Form ulation # 3

Contents %

MgO 19.9

K H 2P O 4 30.1

C-class fly ash 11.3

W ollastonite 11.3

Boric acid 0.1

Water 27.3

Total 100
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All of the Ceramicrete binder formulations mentioned in above Tables were 

used with 5% of dry California Portland cement "G " grade contamination for 

further tests. Hence, the following tests were carried out with a total of eight 

samples to determine the optimum permafrost cement formulation as well as the 

effect of California Portland cement "G " grade on Ceramicrete binder 

formulations:

1. Expansion test at 32 degree C.

2. Fluid loss testing at 1000 psi differential pressure and room temperature.

3. Uniaxial compressive strength testing.

5.3 Expansion test at 32 degree F.

5.3.1 Introduction

It has been found out that Ceramicrete has undergone a crack development after 

setting and has expanded at lower temperature, i.e. at 40 degree F. Thus, in order 

to know the effect of lower temperature on a sample Ceramicrete formulation 

setting and expansion, a temperature value less than 40 degree F was selected. 

The setting of sample Ceramicrete formulations were carried out at UAF at 32 

degree F in plastic cylindrical molds measuring 4 inches height and 2 inch 

diameter (Figure 32). At the same time an effect of temperature was observed on 

sample Ceramicrete formulations expansion to check whether a crack had 

developed or not after expansion.
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Figure 32: Plastic molds of 4" height and 2" diameter used for setting of 

sample Ceramicrete formulations.

5.3.2 Results and discussion:

It has been observed that sample Ceramicrete formulation # 3 with and without 

5% of dry California Portland cement "G " grade has undergone "flash setting" 

with high amount of heat evolution. The slurries of other sample Ceramicrete 

formulations i.e. base Ceramicrete formulation, sample Ceramicrete formulation 

#1, sample Ceramicrete formulation #2 with and without 5% of California 

Portland cement "G " grade set successfully without any crack developments 

when kept in refrigerator at 32 degree F for 24 hrs. (according to ASTM 

standards). Expansion of base Ceramicrete sample with contamination of 5% of 

dry California Portland cement "G” grade at 32 degree F after 24 hrs and 

expansion of sample Ceramicrete formulation #1 at 32 degree F after 24 hrs is 

shown in Figure 33 and Figure 34 respectively.



89

Figure 33: Expansion of base Ceramicrete sample with contamination of 5% of 

dry California Portland cement "G" grade at 32 degree F after 24 hrs.

Figure 34: Expansion of sample Ceramicrete formulation #1 at 32 degree F after 

24 hrs.
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Note: The Picture was taken after the expansion test. The amount o f  Ceramicrete above 

the mold rim is due to expansion o f Ceramicrete slurry at 32 degree F. In Figures 

expansion o f base Ceramicrete sample with contamination o f California Portland cement 

“G" grade and Sample Ceramicrete form ulation ttl is shown.

The extent of expansion observed for all Ceramicrete formulations with or 

without contamination was the same. The results of expansion test at 32 degree F 

are shown in Table 21.

Table 21: Results of expansion test at 32 degree F.

Case 1 Base Ceramicrete formulation 
with and without CPC "G"

Slurry sets successfully at 32 
degree F after 24 hrs. with little 
expansion and no crack 
development.

Case 2 Sample Ceramicrete formulation 
#1 with and without CPC "G

Slurry sets successfully at 32 
degree F after 24 hrs. with 
expansion higher than case 1 and 
no crack development.

Case 3 Sample Ceramicrete formulation 
#2 with and without CPC "G"

Slurry sets successfully at 32 
degree F after 24 hrs. with little 
expansion and no crack 
development

Case 4 Sample Ceramicrete formulation 
#3 with and without CPC "G"

Slurry underwent "flash setting" at 
room temperature with high 
expansion and crack development 
at 32 degree F after 24 hrs.
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5.4 Fluid loss testing of Ceramicrete formulations at room temperature and 

1000 psi differential pressure

5.4.1 Introduction

In cementing operations, the cement slurry may lead to a "flash setting" when it 

is subjected to pressure. This is due to a loss of water by filtration up until the 

point when only interstitial water is left, resulting in a slurry that becomes 

unpumpable. In some cases, the slurry becomes so viscous that placement 

pressures exceed the fracturing pressure of a weak formation, resulting in lost 

circulation. By reducing the quantity of filtrate, it is possible to reduce the degree 

and the depth of formation damage, because when water is lost to permeable 

zones, it not only reduces the water/cement ratio of slurry, but also carries certain 

amount of cementitious materials and fines with it that may damage productive 

formations. The final strength of a cement depends on the water/cem ent ratio of 

the slurry. Fluid loss control additives are used to maintain a constant water-to- 

solids ratio in the cement slurries. The API standards for fluid loss laboratory 

tests are detailed in API spec. 10. The level of fluid loss control is usually 

adjusted to the type of cementing operations (Schlumberger, 1984).

Fluid loss is determined for 8 sample Ceramicrete binder formulations (Chapter 

5.2.), using a fluid loss measurement apparatus (shown in Figure 35) at room 

temperature and at 1000 psi differential pressure.
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Figure 35: Fluid loss measuring apparatus at UAF.

5.4.2 Results and discussion  

Data:

Temperature: 55 degree F.

Pressure: 1000 psi.

Time for volume collection: 30 min.

W eight of Ceramicrete formulation used: 290.8 grams. 

W eight of water used: 109.2 grams.
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Calculations:

Filtrate is collected after 30 mins. If test "spurts" in less than 30 mins, fluid loss 

can be calculated by:

Q30 = Quantity of filtrate collected in 30 mins, cc.

Qt = Quantity of filtrate collected at time t, cc. 

t = time in minutes.

Case 1: Base Ceramicrete Formulation

Fluid loss for non-contaminated (without Portland cement) Ceramicrete can be 

calculated using equation 5.1.

= 10 x 5 .477 /V l6 .

= 13.69 cc.

Fluid loss = 2 * 13.69= 27.38 cc/30 min.

Fluid loss is observed to be the same in the case of base Ceramicrete formulation 

with contamination of dry California Portland cement "G " grade.

Case 2: Sample Ceramicrete formulation #1

The fluid loss for sample Ceramicrete formulation # 1  without contamination of 

dry California Portland cement "G " grade can be calculated using equation 5 . 1

Q 30 = Q, x 5.477/ Vt (5.1)

= 5x 5.477/ VlO 

= 8.65 cc.

Q3o=Q. x 5.477/ Vt (5.1)

Q30 = Qt x 5.477/ Vt (5.1)
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Fluid loss = 2 * 8.65 = 17.31 cc/30 min.

The fluid loss for sample Ceramicrete formulation #1 with 5% contamination of 

dry California Portland cement "G " grade can be calculated using equation 5.1. 

Q3o=Q . x 5.477/ Vt (5.1)

= 6 x 5.477/ Vl2 

= 9.48 cc.

Fluid loss = 2 * 9.48 = 18.97 cc/30 min.

Case 3: Sam ple Ceram icrete form ulation #2

The fluid loss for sample Ceramicrete formulation # 2 without contamination of 

dry California Portland Cement "G" grade can be calculated using equation 5.1. 

Q3o = Q t x 5 .477/Vt (5.1)

= 4 x 5.477/ Vl3.

= 6 cc.

Fluid loss = 2 *  6.92 = 12 cc/30 min.

The fluid loss for sample Ceramicrete formulation #2 with 5% contamination of 

dry California Portland cement "G" grade is observed to be the same as that of 

sample Ceramicrete formulation #2 without 5% contamination of California 

Portland cement “G" grade.



95

Case 4: Sample Ceramicrete formulation #3

The sample Ceramicrete formulation #3 with and without 5% contamination of 

dry California Portland cement "G " grade underwent "flash setting" in the 

blender and thus, there was negligible fluid loss when the fluid loss test was 

carried out at 1000 psi differential pressure and at room temperature.

From the above results it can be seen that fluid loss is less in the case of sample 

Ceramicrete formulation #2 with and without contamination California Portland 

cement "G " grade. Thus, in order to further minimize fluid loss, the fluid loss 

control additives can be used effectively for oil well cementing applications at 

ANS. .

5.5 Uniaxial Compressive strength testing

5.5.1 Introduction

The crushing load to predict the compressive strength of the set cement has been 

widely used for more than 40 years in establishing wait-on-cem ent time, i.e. to 

decide how long to wait for cement to set. It is im portant to know how strong the 

cement must be before drilling can begin and to understand the strength 

development characteristics of the cement. It is generally accepted in the 

petroleum industry and by regulatory bodies that a compressive strength of 500 

psi is adequate for most operations, and by using good cementing practices an 

operator should be able to drill out safely by adhering to this minimum strength 

requirement. It has been observed that the curing temperature has a significant 

influence on cement strength development (Smith, 1986b).
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5.5.2 Experimental procedure

Uniaxial compressive strength testing is used to determine stress (psi) vs. 

compression displacement (inch) plot of a cement sample, which eventually 

leads to strength determination of the cement sample. This test involves 

compressing a cylindrical sample under a flat metal plate at constant rate. 

Sample cylinders used in this test are generally 4 inches in length and 2 inch in 

diameter. The load on these cylindrical samples is increased until it undergoes 

fracturing under the applied force. While carrying out uniaxial compressive 

strength testing (Figure 36), it is necessary to ensure that both of the planes of the 

sample should be parallel to the loading plate to ensure uniform loading. In this 

test, a hydraulic compression testing device was used to provide a load at the 

rate of 0.2 mils/sec for the first 2000 psi and the next 2000 psi the rate was 

reduced to 0.1 mils/sec.

Figure 36: Compression testing data m easurement setup.
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Ceramicrete sample after compression, in uniaxial compressive strength testing,

i.e. post fracturing is shown in Figure 37.

Figure 37: Ceramicrete compression samples (post -fracturing).

5.5.3 Results and discussion

For uniaxial compressive strength testing, Ceramicrete slurry samples were 

produced by mixing the powder blend with water in a desktop mixer; slurry of 

these samples were poured into plastic cylinders each measuring 4 inch height 

and 2 inch diameter, which were kept in a refrigerator for curing at 32 degree F 

for 24 hrs. It has been observed consistently that the compressive strength for 

Ceramicrete samples with and without contamination of 5% of dry California 

Portland Cement “G" grade is the same.
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Compression displacement (inch)

Figure 38: Compression testing data for base Ceramicrete sample without 5% 

contamination of dry California Portland cement "G" grade at room  

temperature (Load rate : 37 lbs/sec).
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Compression displacement (inch)

Figure 39: Compression testing data for base Ceramicrete sample with 5% 

contamination of dry California Portland cement "G" grade at room  

temperature (Load rate : 37 lbs/sec).
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UNIVERSITY OF ALASKA-FAIRBANKS
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Compression displacement (inch)

Figure 40: Com pression testing data for sam ple Ceram icrete form ulation #1 

w ithout 5% contam ination of dry C alifornia Portland cem ent "G" grade at 

room tem perature (Load rate = 47.6 lbs/sec).
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Figure 41: Com pression testing data for sam ple Ceram icrete form ulation #1 

w ith 5% contam ination of dry California Portland cem ent " G "  grade at room 

tem perature (Load rate = 47.7 lbs/sec).
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Figure 42: Com pression testing data for sam ple Ceram icrete form ulation #2 

w ithout 5% contam ination of dry C alifornia Portland cem ent "G "  grade at 

room tem perature (Load rate = 18.5 lbs/sec).
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Compression displacement (inch)

Figure 43: Com pression testing data for sam ple Ceram icrete form ulation #2 

w ith 5%  contam ination of dry California Portland cem ent "G "  grade at room 

tem perature ( Load rate = 18.23 lbs/sec).

The sample Ceramicrete formulation #3 has shown crack development after 

setting and expansion at 32 degree F and thus, sample Ceramicrete formulation 

#3 was not subjected to uniaxial compressive strength testing. The ultimate 

compressive strength before failure shows very little dependence on Portland 

cement impurity that exists within the Ceramicrete slurry. From the Figures 38

43, it can be seen that as the percentage of M gO is reduced, sample Ceramicrete 

formulation shows an increase in plastic deformation. The compressive strength
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of base Ceramicrete formulation is found to be more than other Ceramicrete 

formulations.
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Chapter 6 

Conclusions and Recommendations

6.1 Conclusions

In normal field practices when Ceramicrete is mixed with water in blenders, it 

has chance of being contaminated with leftover Portland cement. In order to 

identify the effect of Portland cement contamination, recent tests have been 

conducted at BJ Services in Tomball, TX and University of Alaska Fairbanks with 

Ceramicrete formulations proposed by the Argonne National Laboratory and 

following conclusions are drawn from this study

1. Experiments carried out at BJ Services, Tomball, TX have shown that a 

proposed Ceramicrete formulation with 5% contamination of set Portland 

cement has undergone "flash setting" with a final temperature of slurry being in 

the range of 55 degree F to 120 degree F, which can cause the thawing of the 

permafrost zone around the wellbore to a certain extent.

2. A proposed Ceramicrete binder with 10% contamination of dry Portland 

cement has undergone setting in 3.5 hrs., with an increase in temperature. 

Simulations carried out using ABAQUS software have shown that Ceramicrete 

with 10% contamination of dry Portland cement can cause the thawing of 

permafrost zone around the wellbore after 3.5 hrs., i.e. the setting time to the 

extent of 9 cm. Thawing of the permafrost zone around the wellbore can cause 

casing collapse, which will eventually lead to a loss of well integrity.
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3. However, the proposed Ceramicrete formulation with 5% of dry Portland 

cement has other properties satisfying the characteristics of an ideal permafrost 

cement, except that it develops a crack after expansion test at 40 degree F, which 

might be due to a higher or lower concentration of M gO in the Ceramicrete 

compared to the concentration of KH 2PO4.

From the tests conducted at University of Alaska Fairbanks, it can be concluded 

that recently developed Ceramicrete formulation provide a novel and highly 

advantageous arctic cementing solution as stated below:

1. Newly developed formulation of Ceramicrete binder: MgO (22.9%), K H 2P O 4  

(28.5%), C-class fly ash (10.6%), W ollastonite (10.6%), Boric Acid (0.1%) has 

shown slurry expansion without crack development.

2. In addition, it does not flash set or show reduced strength in the presence of 

Portland cement impurities and its compressive strength is the same with and 

without contamination of 5% of California Portland cement "G " grade, i.e. 2800

3. A slurry with less fluid loss without fluid loss additives does not lead to a 

temperature increase after setting, which will eventually prevent the thawing of 

the permafrost around the wellbore when used as an oil-well cement at ANS.

Note: As the form ulation o f  Ceramicrete was not disclosed during testing at BJ Services, 

Tomball, TX it is named as proposed Ceramicrete formulation.
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6.2 Recommendations

1. Additional research is still needed to develop strong characterizations of 

newly developed Ceramicrete formulation, i.e. the thickening time of the slurry 

of newly developed Ceramicrete formulation should be determined using a 

consistometer.

2. A fluid loss program should be implemented to establish the ideal fraction of 

water that should be introduced into Ceramicrete slurry.

3. The behavior of a newly developed Ceramicrete formulation should be 

analyzed for high temperature oil well cementing operations as well as its 

interaction with downhole non-hydrocarbon chemicals.

4. In order to determine whether a newly developed Ceramicrete formulation is 

oilfield worthy or not, it is important to carry out actual yard tests.
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