w0 2022/010501 A1 | HIUNY 0000 KO0 0 OO 0

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

World Intellectual Propert J
(o wer Orgmiation 2 00 OO0 00 OO RO A0

International Bureau % (10) International Publication Number

WO 2022/010501 A1l

(43) International Publication Date
13 January 2022 (13.01.2022) WIRPOIPCT

(51) International Patent Classification: (74) Agent: COREY S. TUMEY, P.O. BOX 890226, HOUS-
E21B 43/26 (2006.01) CO9K 8/42 (2006.01) TON, Texas 77062-9998 (US).

E21B 43/12(2006.01) E21B 47/07(2012.01) (81) Designated States (unless otherwise indicated, for every

(21) International Application Number: kind of national protection available). AE, AG, AL, AM,

PCT/US2020/042556 AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,

CA, CH, CL, CN, CO, CR, CU, CZ, DE, DJ, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,

17 July 2020 (17.07.2020) HR, HU. ID, IL, IN, IR, IS, IT, JO. JP, KE, KG, KH, KN,
(25) Filing Language: English KP, KR, KW, KZ LA, LC,LK, LR, LS, LU, LY, MA, MD,
ME, MG, MK, MN, MW, MX, MY, MZ. NA, NG, NI, NO,

(22) International Filing Date:

(26) Publication Language: English NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW,
(30) Priority Data: SA, SC, SD, SE, SG, SK, SL, ST, SV, SY, TH, TJ, TM, TN,
16/923,897 08 July 2020 (08.07.2020) UsS TR, TT, TZ, UA, UG, US, UZ, VC, VN, WS, ZA, ZM, ZW.
(71) Applicant: HALLIBURTON ENERGY SERVICES, (84) Designated States (unless otherwise indicated, for every
INC. [US/US]; 3000 N. SAM HOUSTON PARKWAY E., kind of regional protection available). ARIPO (BW, GH,
HOUSTON, Texas 77032-3219 (US). GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ, TZ,

. . UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
(72) Inventors: JANDHYALA, Siva Rama Krishna, 6900 TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK
LAKE WOODLANDS DR., #621, THE WOODLANDS, EE, ES, FI, FR, GB. GR. HR. HU. IE, IS. IT. LT, LU. LV,
Texas 77382 (US). SINGH, John Paul Bir; 3603 SCENIC MC. MK. MT. NL. NO. PL. PT. RO. RS, SE. SI. SK. SM
VALLEY DR., KINGWOOD, Texas 77345 (US). PISK- TR)’ 0 API (B’F B’J CF’ CG’ Ci c1\;1 GA G’N ’GQ’GW’
LAK, Thomas Jason; 13023 TALL FOREST DRIVE, KM’ ML. MR f\IE ’SN ’TD ’TG)’ o ’
CYPRESS, Texas 77429 (US). PINEDA, Claudia Car- U e '
men; 15722 CROSBY HALL DR., HUMBLE, Texas

lished:
77346 (US). Published

—  with international search report (Art. 21(3))

(54) Title: WORK METHOD TO DESIGN EXTENDED LIFE SLURRIES

100\

104

102
— TO WELL BORE

FIG. 1

(57) Abstract: A method may include comprising: defining engineering parameters of a proposed cement slurry, the engineering para-
meters comprising at least a compressive strength requirement, a density requirement, a storage time requirement, and a thickening time
requirement; selecting, based at least in part on a model of compressive strength, a model of storage time, and the density requirement,
at least a cement and mass fraction thereof, at least one supplementary cementitious material and mass fraction thereof, and a water and
mass fraction thereof, such that a set cement formed from the cement, the at least one supplementary cementitious material, and the
water meets or exceeds the compressive strength requirement and the density requirement; selecting, based at least in part on a model
of thickening time, an accelerator and mass fraction thereof; and preparing a cement slurry comprising the cement and mass fraction
thereof, the at least one supplementary cementitious material and mass fraction thereof, the water and mass fraction thereof, and the
cement retarder and mass fraction thereof.



WO 2022/010501 PCT/US2020/042556

WORK METHOD TO DESIGN EXTENDED LIFE SLURRIES

BACKGROUND
[0001] Cement compositions are used in a variety of subterranean operations. For example,

in subterranean well construction, a pipe string (e.g., casing, liners, expandable tubulars, etc.) can
be run into a wellbore and cemented in place. The process of cementing the pipe string in place is
commonly referred to as “primary cementing.” In a typical primary cementing method, a cement
composition can be pumped into an annulus between the walls of the wellbore and the exterior
surface of the pipe string disposed therein. The cement composition may set in the annular space,
thereby forming an annular sheath of hardened, substantially impermeable cement (i.e., a cement
sheath) that may support and position the pipe string in the wellbore and may bond the exterior
surface of the pipe string to the subterranean formation. Among other things, the cement sheath
surrounding the pipe string functions to prevent the migration of fluids in the annulus, as well as
protecting the pipe string from corrosion. Cement compositions also may be used in remedial
cementing methods, for example, to seal cracks or holes in pipe strings or cement sheaths, to seal
highly permeable formation zones or fractures, to place a cement plug, and the like.

[0002] A broad variety of cement compositions have been used in subterranean cementing
operations. In some instances, extended-life cement slurries have been used. Extended-life cement
slurries are characterized by remaining in a pumpable fluid state for at least about one day (e.g., at
least about 7 days, about 2 weeks, about 2 years or more) at room temperature (e.g., about 80° F)
in quiescent storage. When desired for use, the extended-life cement slurries should be capable of
being activated whereby reasonable compressive strengths are developed. For example, a cement
set activator may be added to an extended-life cement slurry to form an activated composition
whereby the activated composition sets into a hardened mass. Among other things, the extended-
life cement slurries may be suitable for use in wellbore applications, for example, where it is
desired to prepare the cement slurries in advance. This may allow, for example, the cement slurries
to be stored prior to its use. In addition, this may allow, for example, the cement slurries to be
prepared at a convenient location and then transported to the job site. Accordingly, capital
expenditures may be reduced due to a reduction in the need for on-site bulk storage and mixing
equipment. This may be particularly useful for offshore cementing operations where space onboard
the vessel may be limited.

[0003] While extended-life cement slurries have been developed heretofore, challenges
may exist with their successful use in subterranean cementing operations. For example, extended-
life cement slurries developed hereto may require specific formulations of natural glasses and
additives to remain in a pumpable fluid state. Furthermore, such specific formulations may be
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difficult to prepare, natural glasses from one region may differ from natural glasses that may be
sourced from a different region, thereby potentially requiring extended-life cement compositions
to be tailored to available materials in a region. Additional complexity may arise from the strong
inorganic acids relied upon to extend slurry life, which in turn may require strong activators to
overcome the retarding effects of the strong inorganic acids. Finally, there may be challenges to
formulate an extended-life slurry which forms the required compressive strength (e.g. 24 hour
compressive strength) at lower temperatures, such as, lower than about 140 °F (60 °C) for some
extended-life slurries.

BRIEF DESCRIPTION OF THE DRAWINGS
[0004] These drawings illustrate certain aspects of some of the embodiments of the

present method and should not be used to limit or define the method.

[0005] FIG. 1 illustrates a system for the preparation and delivery of an extended-life
cement composition to a wellbore in accordance with certain embodiments.

[0006] FIG. 2 illustrates surface equipment that may be used in the placement of an
extended-life cement composition in a wellbore in accordance with certain embodiments.

[0007] FIG. 3 illustrates the placement of an extended-life cement composition into a
wellbore annulus in accordance with certain embodiments.

[0008] FIG. 4 is a flowchart illustrating an example method for designing an extended-life
cement composition.

[0009] FIG. 5 is graph of reactivity for different classes of Portland cement.

[0010] FIG. 6 is a flowchart illustrating an example method of selecting a Portland cement
and supplementary cementitious material.

[0011] FIG. 7 is a flowchart illustrating an example method of selecting a cement retarder.

[0012] FIG. 8 is a flowchart illustrating an example method of designing an extended-life
cement composition to have rheological stability.

[0013] FIG. 9 is a flowchart illustrating an example method of selecting an activator.

[0014] FIG. 10 is a flowchart illustrating an example method for designing an extended-
life cement composition.

[0015] FIG. 11 is a flowchart illustrating an example method for selecting an activator or
cement retarder.

DETAILED DESCRIPTION
[0016] Disclosed herein are examples, which may relate to subterranean cementing

operations and, in certain instances, to extended-life cement slurries and methods of using
extended-life cement compositions in slurry formulations. Extended-life cement slurries may be

designed utilizing cement slurry design techniques disclosed herein. The disclosed slurry design
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techniques may allow cement slurries to be formulated, which do not set to form a hardened mass
for an extended period of time. Extended-life cement slurries are characterized by remaining in a
pumpable fluid state for at least about one day (e.g., at least about 7 days, about 2 weeks, about 2
years or more) at room temperature (e.g., about 80° F) in quiescent storage. An extended-life
cement slurry may be activated at a later time to form an activated slurry, which may then form a
hardened mass.

[0017] Conventional cement compositions typically include Portland cement and water.
When first mixed, the water and Portland cement constitute a paste where water surrounds all the
individual grains of Portland cement to make a plastic mixture. A chemical reaction called
hydration takes place between the water and Portland cement which causes the composition to
change from a plastic state to a solid state in a period of about two hours at room temperature (e.g.
about 80 °F). After about two hours, the cement develops a measurable compressive strength,
which may increase to a final compressive strength over a period of weeks. After the initial mixing
of the water and cement, unmodified Portland cement typically remains pumpable for a period of
about one hour before becoming too viscous to pump. The pump time of Portland cement may be
modified using cement retarders, which are believed to slow the hydration reaction thereby
allowing the cement composition to remain in a pumpable fluid state for longer. Cement retarders
can typically be used extend the pump time of cements for a period of several hours. While cement
retarders may allow for pump times to be extended, the hydration reaction is still occurring within
the cement slurry, which will ultimately lead to the slurry to form a hardened mass, thus limiting
the effective time that a cement may be extended by cement retarders. Inclusion of a relatively
larger amount of cement retarder in a cement composition may extend the pump time beyond
several hours but typically also results in a set cement that does not have the desired physical
properties such as compressive strength. As such, there are upper limits on the amount of time that
Portland cement based slurries can be extended utilizing cement retarders before the retarder
concentration interferes with the hydration of the Portland cement.

[0018] In contrast, extended-life cement slurries may remain in a pumpable fluid state for
a longer period of time than retarded Portland cements while retaining the ability to be activated
and set to form a hardened mass with desired physical properties such as compressive strength.
While the extended-life cement slurries described herein may contain Portland cement as well as
some cement retarders which may be found in a conventional Portland cement slurry, Portland
cement slurries do not have the same physical properties as the extended-life cement slurries
described herein. The design process for extended-life cement slurries imparts unique

characteristics, such as the ability to remain in a pumpable fluid state for an extended period of
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time, to the extended-life cement slurries by choosing cement components with physicochemical
properties that promote desired physical properties.

[0019] Extended-life cement compositions described herein may generally include a
hydraulic cement, one or more supplementary cementitious materials, a cement retarder, and
water. A variety of hydraulic cements may be utilized in accordance with the present disclosure,
including, but not limited to, those comprising calcium, aluminum, silicon, oxygen, iron, and/or
sulfur, which set and harden by reaction with water. Suitable hydraulic cements may include, but
are not limited to, Portland cements, pozzolana cements, gypsum cements, high alumina content
cements, silica cements, and any combination thereof. In certain examples, the hydraulic cement
may include a Portland cement. In some examples, the Portland cements may include Portland
cements that are classified as Classes A, C, H, and G cements according to American Petroleum
Institute, API Specification for Materials and Testing for Well Cements, API Specification 10,
Fifth Ed., July 1, 1990. In addition, hydraulic cements may include cements classified by American
Society for Testing and Materials (ASTM) in C150 (Standard Specification for Portland Cement),
C595 (Standard Specification for Blended Hydraulic Cement) or C1157 (Performance
Specification for Hydraulic Cements) such as those cements classified as ASTM Type I, I1, or III.
The hydraulic cement may be included in the extended-life cement composition in any amount
suitable for a particular composition. Without limitation, the hydraulic cement may be included in
the extended-life cement slurries in an amount in the range of from about 10% to about 80% by
weight of dry blend in the extended-life cement composition. For example, the hydraulic cement
may be present in an amount ranging between any of and/or including any of about 10%, about
15%. about 20%, about 25%, about 30%, about 35%, about 40%, about 45%, about 50%, about
55%, about 60%, about 65%, about 70%, about 75%, or about 80% by weight of the extended-life
cement compositions.

[0020] The water may be from any source provided that it does not contain an excess of
compounds that may undesirably affect other components in the extended-life cement
compositions. For example, an extended-life cement composition may include fresh water or
saltwater. Saltwater generally may include one or more dissolved salts therein and may be
saturated or unsaturated as desired for a particular application. Seawater or brines may be suitable
for use in some examples. Further, the water may be present in an amount sufficient to form a
pumpable slurry. In certain examples, the water may be present in the extended-life cement
composition in an amount in the range of from about 33% to about 200% by weight of the
cementitious materials. For example, the water cement may be present in an amount ranging

between any of and/or including any of about 33%, about 50%, about 75%, about 100%, about
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125%, about 150%, about 175%, or about 200% by weight of the cementitious materials. The
cementitious materials referenced may include all components which contribute to the
compressive strength of the extended-life cement composition such as the hydraulic cement and
supplementary cementitious materials, for example.

[0021] As mentioned above, the extended-life cement composition may include
supplementary cementitious materials. The supplementary cementitious material may be any
material that contributes to the compressive strength of the extended-life cement composition.
Some supplementary cementitious materials may include, without limitation, fly ash, blast furnace
slag, silica fume, pozzolans, kiln dust, and clays, for example.

[0022] The extended-life cement composition may include kiln dust as a supplementary
cementitious material. “Kiln dust,” as that term is used herein, refers to a solid material generated
as a by-product of the heating of certain materials in kilns. The term “kiln dust™ as used herein is
intended to include kiln dust made as described herein and equivalent forms of kiln dust.
Depending on its source, kiln dust may exhibit cementitious properties in that it can set and harden
in the presence of water. Examples of suitable kiln dusts include cement kiln dust, lime kiln dust,
and combinations thereof. Cement kiln dust may be generated as a by-product of cement
production that is removed from the gas stream and collected, for example, in a dust collector.
Usually, large quantities of cement kiln dust are collected in the production of cement that are
commonly disposed of as waste. The chemical analysis of the cement kiln dust from various
cement manufactures varies depending on a number of factors, including the particular kiln feed,
the efficiencies of the cement production operation, and the associated dust collection systems.
Cement kiln dust generally may include a variety of oxides, such as Si02, A1203, Fe203, CaO,
MgO, SOs3, NaxO, and K20. The chemical analysis of lime kiln dust from various lime
manufacturers varies depending on several factors, including the particular limestone or dolomitic
limestone feed, the type of kiln, the mode of operation of the kiln, the efficiencies of the lime
production operation, and the associated dust collection systems. Lime kiln dust generally may
include varying amounts of free lime and free magnesium, lime stone, and/or dolomitic limestone
and a variety of oxides, such as SiO2, A120s, Fe203, CaO, MgO, SOs, Na20, and K20, and other
components, such as chlorides. A cement kiln dust may be added to the extended-life cement
composition prior to, concurrently with, or after activation. Cement kiln dust may include a
partially calcined kiln feed which is removed from the gas stream and collected in a dust collector
during the manufacture of cement. The chemical analysis of CKD from various cement
manufactures varies depending on a number of factors, including the particular kiln feed, the

efficiencies of the cement production operation, and the associated dust collection systems. CKD
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generally may comprise a variety of oxides, such as SiO2, Al203, Fe203, CaO, MgO, SOs, Naz0,
and K20. The CKD and/or lime kiln dust may be included in examples of the extended-life cement
composition in an amount suitable for a particular application.

[0023] In some examples, the extended-life cement composition may further include one
or more of slag, natural glass, shale, amorphous silica, or metakaolin as a supplementary
cementitious material. Slag is generally a granulated, blast furnace by-product from the production
of cast iron including the oxidized impurities found in iron ore. The extended-life cement may
further include perlite. Perlite is an ore and generally refers to a naturally occurring volcanic,
amorphous siliceous rock including mostly silicon dioxide and aluminum oxide. The perlite may
be expanded and/or unexpanded as suitable for a particular application. The expanded or
unexpanded perlite may also be ground, for example. The extended-life cement may further
include shale. A variety of shales may be suitable, including those including silicon, aluminum,
calcium, and/or magnesium. Examples of suitable shales include vitrified shale and/or calcined
shale.

[0024] In some examples, the extended-life cement composition may further include
amorphous silica as a supplementary cementitious material. Amorphous silica is a powder that
may be included in embodiments to increase cement compressive strength. Amorphous silica is
generally a byproduct of a ferrosilicon production process, wherein the amorphous silica may be
formed by oxidation and condensation of gaseous silicon suboxide, SiO, which is formed as an
intermediate during the process

[0025] In some examples, the extended-life cement composition may further include a
variety of fly ashes as a supplementary cementitious material which may include fly ash classified
as Class C, Class F, or Class N fly ash according to American Petroleum Institute, API
Specification for Materials and Testing for Well Cements, API Specification 10, Fifth Ed., July 1,
1990. In some examples, the extended-life cement composition may further include zeolites as
supplementary cementitious materials. Zeolites are generally porous alumino-silicate minerals that
may be either natural or synthetic. Synthetic zeolites are based on the same type of structural cell
as natural zeolites and may comprise aluminosilicate hydrates. As used herein, the term “zeolite”
refers to all natural and synthetic forms of zeolite.

[0026] Where used, one or more of the aforementioned supplementary cementitious
materials may be present in the extended-life cement composition. For example, without
limitation, one or more supplementary cementitious materials may be present in an amount of
about 0.1% to about 80% by weight of the extended-life cement composition. For example, the

perlite may be present in an amount ranging between any of and/or including any of about 0.1%,
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about 10%, about 20%, about 30%, about 40%, about 50%, about 60%, about 70%, or about 80%
by weight of the extended-life cement.

[0027] In some examples, the extended-life cement composition may further include
hydrated lime. As used herein, the term “hydrated lime” will be understood to mean calcium
hydroxide. In some embodiments, the hydrated lime may be provided as quicklime (calcium oxide)
which hydrates when mixed with water to form the hydrated lime. The hydrated lime may be
included in examples of the extended-life cement composition, for example, to form a hydraulic
composition with the supplementary cementitious components. For example, the hydrated lime
may be included in a supplementary cementitious material-to-hydrated-lime weight ratio of about
10:1 to about 1:1 or 3:1 to about 5:1. Where present, the hydrated lime may be included in the set
extended-life cement composition in an amount in the range of from about 10% to about 100% by
weight of the extended-life cement composition, for example. In some examples, the hydrated lime
may be present in an amount ranging between any of and/or including any of about 10%, about
20%, about 40%, about 60%, about 80%, or about 100% by weight of the extended-life cement
composition. In some examples, the cementitious components present in the extended-life cement
composition may consist essentially of one or more supplementary cementitious materials and the
hydrated lime. For example, the cementitious components may primarily comprise the
supplementary cementitious materials and the hydrated lime without any additional components
(e.g., Portland cement, fly ash, slag cement) that hydraulically set in the presence of water.

[0028] Lime may be present in the extended-life cement composition in several; forms,
including as calcium oxide and or calcium hydroxide or as a reaction product such as when
Portland cement reacts with water. Alternatively, lime may be included in the extended-life cement
composition by amount of silica in the extended-life cement composition. An extended-life cement
composition may be designed to have a target lime to silica weight ratio. The target lime to silica
ratio may be a molar ratio, molar ratio, or any other equivalent way of expressing a relative amount
of silica to lime. Any suitable target time to silica weight ratio may be selected including from
about 10/90 lime to silica by weight to about 40/60 lime to silica by weight. Alternatively, About
10/90 lime to silica by weight to about 20/80 lime to silica by weight, about 20/80 lime to silica
by weight to about 30/70 lime to silica by weight, or about 30/70 lime to silica by weight to about
40/63 lime to silica by weight.

[0029] Other additives suitable for use in subterranean cementing operations also may be
included in embodiments of the extended-life cement composition. Examples of such additives
include, but are not limited to: weighting agents, lightweight additives, gas-generating additives,

mechanical-property-enhancing additives, lost-circulation materials, filtration-control additives,
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fluid-loss-control additives, defoaming agents, foaming agents, thixotropic additives, and
combinations thereof. In embodiments, one or more of these additives may be added to the
extended-life cement composition after storing but prior to the placement of an extended-life
cement composition into a subterranean formation. In some examples, the extended-life cement
composition may further include a dispersant. Examples of suitable dispersants include, without
limitation, sulfonated-formaldehyde-based dispersants (e.g., sulfonated acetone formaldehyde
condensate) or polycarboxylated ether dispersants. In some examples, the dispersant may be
included in the extended-life cement composition in an amount in the range of from about 0.01%
to about 5% by weight of the cementitious materials. In specific examples, the dispersant may be
present in an amount ranging between any of and/or including any of about 0.01%, about 0.1%,
about 0.5%, about 1%, about 2%, about 3%, about 4%, or about 5% by weight of the cementitious
materials.

[0030] In some examples, the extended-life cement composition may further include a
cement retarder. A broad variety of cement retarders may be suitable for use in the extended-life
cement compositions. For example, the cement retarder may comprise phosphonic acids, such as
ethylenediamine tetra(methylene phosphonic acid), diethylenetriamine penta(methylene
phosphonic acid), etc.; lignosulfonates, such as sodium lignosulfonate, calcium lignosulfonate,
etc.; salts such as stannous sulfate, lead acetate, monobasic calcium phosphate, organic acids, such
as citric acid, tartaric acid, etc.; cellulose derivatives such as hydroxyl ethyl cellulose (HEC) and
carboxymethyl hydroxyethyl cellulose (CMHEC); synthetic co- or ter-polymers comprising
sulfonate and carboxylic acid groups such as sulfonate-functionalized acrylamide-acrylic acid co-
polymers; borate compounds such as alkali borates, sodium metaborate, sodium tetraborate,
potassium pentaborate; derivatives thereof, or mixtures thereof. Examples of suitable cement
retarders include, among others, phosphonic acid derivatives. Generally, the cement retarder may
be present in the extended-life cement composition in an amount sufficient to delay the setting for
a desired time. In some examples, the cement retarder may be present in the extended-life cement
composition in an amount in the range of from about 0.01% to about 10% by weight of the
cementitious materials. In specific examples, the cement retarder may be present in an amount
ranging between any of and/or including any of about 0.01%, about 0.1%, about 1%, about 2%,
about 4%, about 6%, about 8%, or about 10% by weight of the cementitious materials.

[0031] Cement compositions generally should have a density suitable for a particular
application. By way of example, the extended-life cement composition may have a density in the
range of from about 4 pounds per gallon (“lbm/gal™) (479 kg/m”"3) to about 20 Ibm/gal (2396

kg/m”3). In certain embodiments, the extended-life cement composition may have a density in the
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range of from about 8 lbm/gal (958 kg/m”3) to about 17 Ibm/gal (2037 kg/m”3) or about 8 Ibm/gal
(958 kg/m”™3) to about 14 Ibm/gal (1677 kg/m”3). Examples of the extended-life cement
compositions may be foamed or unfoamed or may comprise other means to reduce their densities,
such as hollow microspheres, low-density elastic beads, or other density-reducing additives known
in the art. In examples, the density may be reduced after storing the composition, but prior to
placement in a subterranean formation.

[0032] As previously mentioned, the extended-life cement composition may have a
property of being able to be stored in a pumpable fluid state for at least one day (e.g., at least about
1 day, about 2 weeks, about 2 years or more) at room temperature (e.g., about 80 °F) in quiescent
storage. For example, the extended-life cement compositions may remain in a pumpable fluid state
for a period of time from about 1 day to about 7 days or more. In some examples, the extended-
life cement compositions may remain in a pumpable fluid state for at least about 1 day, about 7
days, about 10 days, about 20 days, about 30 days, about 40 days, about 50 days, about 60 days,
or longer. A fluid is considered to be in a pumpable fluid state where the fluid has a consistency
of less than 70 Bearden units of consistency (“Bc¢”), as measured on a pressurized consistometer
in accordance with the procedure for determining cement thickening times set forth in API RP
Practice 10B-2, Recommended Practice for Testing Well Cements, First Edition, July 2005,

[0033] When desired for use, examples of the extended-life cement compositions may be
activated (e.g., by combination with an activator) to set into a hardened mass. The term “cement
set activator” or “activator”, as used herein, refers to an additive that activates an extended-life
cement composition such that the extended life cement composition sets to form a hardened mass.
An extended-life cement composition comprising an activator may be referred to as an activated
cement slurry. As discussed above, a feature of extended-life cement compositions is that the
hydration reaction that causes the extended-life cement composition to set may be slowed to a
point such that the extended-life cement composition can remain in a pumpable fluid state for an
extended period of time. While some activators may also have accelerating properties that increase
the rate of reaction, a conventional Portland cement accelerator may not always be an activator for
the extended-life cement compositions. By way of example, the extended-life cement composition
may be activated to form a hardened mass in a time period in the range of from about 1 hour to
about 12 hours. Alternatively, the extended-life cement composition may set to form a hardened
mass in a time period ranging between any of and/or including any of about 1 day, about 2 days,
about 4 days, about 6 days, about 8 days, about 10 days, or about 12 days.

[0034] In some examples, a cement set activator may be added to the extended-life cement

composition when it is desired to set the extended-life cement composition to form a hardened
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mass. Examples of suitable cement set activators include, but are not limited to: zeolites, amines
such as triethanolamine, diethanolamine; silicates such as sodium silicate; zinc formate; calcium
acetate; Groups IA and ITA hydroxides such as sodium hydroxide, magnesium hydroxide, and
calcium hydroxide; monovalent salts such as sodium chloride; divalent salts such as calcium
chloride; nanosilica (i.e., silica having a particle size of less than or equal to about 100
nanometers); polyphosphates; and combinations thereof. In some embodiments, a combination of
the polyphosphate and a monovalent salt may be used for activation. The monovalent salt may be
any salt that dissociates to form a monovalent cation, such as sodium and potassium salts. Specific
examples of suitable monovalent salts include potassium sulfate, and sodium sulfate. A variety of
different polyphosphates may be used in combination with the monovalent salt for activation of
the extended-life cement compositions, including polymeric metaphosphate salts, phosphate salts,
and combinations thereof. Specific examples of polymeric metaphosphate salts that may be used
include sodium hexametaphosphate, sodium trimetaphosphate, sodium tetrametaphosphate,
sodium pentametaphosphate, sodium heptametaphosphate, sodium octametaphosphate, and
combinations thereof. A specific example of a suitable cement set activator comprises a
combination of sodium sulfate and sodium hexametaphosphate. In some examples, the activator
may be provided and added to the extended-life cement compositions as a liquid additive, such as,
a liquid additive including a monovalent salt, a polyphosphate, and optionally a dispersant.

[0035] Some examples may include a cement set activator including a combination of a
monovalent salt and a polyphosphate. The monovalent salt and the polyphosphate may be
combined prior to addition to the extended-life cement composition or may be separately added to
the extended-life cement composition. The monovalent salt may be any salt that dissociates to
form a monovalent cation, such as sodium and potassium salts. Specific examples of suitable
monovalent salts include potassium sulfate and sodium sulfate. A variety of different
polyphosphates may be used in combination with the monovalent salt for activation of the
extended-life cement compositions, including polymeric metaphosphate salts, phosphate salts, and
combinations thereof, for example. Specific examples of polymeric metaphosphate salts that may
be wused include sodium hexametaphosphate, sodium trimetaphosphate, sodium
tetrametaphosphate, sodium pentametaphosphate, sodium heptametaphosphate, sodium
octametaphosphate, and combinations thereof. A specific example of a suitable cement set
activator includes a combination of sodium sulfate and sodium hexametaphosphate. Because of
the unique chemistry of polyphosphates, polyphosphates may be used as a cement set activator for
examples of the extended-life cement compositions disclosed herein. The ratio of the monovalent

salt to the polyphosphate may range, for example, from about 5:1 to about 1:25 or from about 1:1
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to about 1:10. Examples of the cement set activator may include the monovalent salt and the
polyphosphate salt in a ratio (monovalent salt to polyphosphate) ranging between any of and/or
including any of about 5:1, 2:1, about 1:1, about 1:2, about 1:5, about 1:10, about 1:20, or about
1:25.

[0036] In some examples, the combination of the monovalent salt and the polyphosphate
may be mixed with a dispersant and water to form a liquid additive for activation of an extended-
life cement composition. Examples of suitable dispersants include, without limitation, the
previously described dispersants, such as sulfonated-formaldehyde-based dispersants and
polycarboxylated ether dispersants. One example of a suitable sulfonated-formaldehyde-based
dispersant is a sulfonated acetone formaldehyde condensate.

[0037] The cement set activator may be added to examples of the extended-life cement
composition in an amount sufficient to induce the extended-life cement composition to set into a
hardened mass. In certain examples, the cement set activator may be added to the extended-life
cement composition in an amount in the range of about 0.1% to about 20% by weight of the
cementitious materials. In specific embodiments, the cement set activator may be present in an
amount ranging between any of and/or including any of about 0.1%, about 1%, about 5%, about
10%, about 15%, or about 20% by weight of the cementitious materials. In some examples, a
cement activator may not be required such as in high temperature applications where the extended-
life cement composition may thermally activate and set to form a hardened mass without adding
an activator.

[0038] In some examples, the extended-life cement compositions may set to have a
desirable compressive strength after activation. Compressive strength is generally the capacity of
a material or structure to withstand axially directed pushing forces. The compressive strength may
be measured at a specified time after the extended-life cement composition has been activated and
the resultant composition is maintained under specified temperature and pressure conditions.
Compressive strength can be measured by either destructive or non-destructive methods. The
destructive method physically tests the strength of treatment fluid samples at various points in time
by crushing the samples in a compression-testing machine. The compressive strength is calculated
from the failure load divided by the cross-sectional area resisting the load and is reported in units
of pound-force per square inch (psi). Non-destructive methods may employ a UCA™ ultrasonic
cement analyzer, available from Fann Instrument Company, Houston, TX. Compressive strength
values may be determined in accordance with API RP 10B-2, Recommended Practice for Testing

Well Cements, First Edition, July 2005,
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[0039] By way of example, the extended-life cement compositions may develop a 24-hour
compressive strength in the range of from about 50 psi (344 kPa) to about 5000 psi (34473 kPa),
alternatively, from about 100 psi (689 kPa) to about 4500 psi (31026 kPa), or alternatively from
about 500 psi (3447 kPa) to about 4000 psi (27579 kPa). In some examples, the extended-life
cement composition may develop a compressive strength in 24 hours of at least about 50 psi (344
kPa), at least about 100 psi (689 kPa), at least about 500 psi (3447 kPa), or more. In some examples,
the compressive strength values may be determined using destructive or non-destructive methods
at a temperature ranging from 100 °F (37.7 °C) to 200 °F (93.3 °C).

[0040] The extended-life cement composition may have desirable thickening times after
activation. Thickening time typically refers to the time a fluid, such as the extended-life cement
composition, remains in a fluid state capable of being pumped. A number of different laboratory
techniques may be used to measure thickening time. A pressurized consistometer, operated in
accordance with the procedure set forth in the aforementioned API RP Practice 10B-2, may be
used to measure whether a fluid is in a pumpable fluid state. The thickening time may be the time
for the treatment fluid to reach 70 Bc and may be reported as the time to reach 70 Bc. In some
embodiments, the cement compositions may have a thickening time of greater than about 1 hour,
alternatively, greater than about 2 hours, alternatively greater than about 5 hours at 3,000 psi
(20684 kPa) and temperatures in a range of from about 50 °F (10 °C) to about 400 °F (204 °C),
alternatively, in a range of from about 80 °F (26.6 °C) to about 250 °F (121 °C), and alternatively
at a temperature of about 140 °F (60 °C).

[0041] Referring now to FIG. 1, the preparation of an extended-life cement composition
in accordance with example embodiments will now be described. FIG. 1 illustrates a system 100
for the preparation of an extended-life cement composition and subsequent delivery of the
composition to a wellbore in accordance with certain embodiments. The extended-life cement
composition may be prepared according to any method disclosed herein such that the extended-
life cement composition has the property of being able to remain in a pumpable fluid state for an
extended period of time. As shown, the extended-life cement composition may be mixed in mixing
equipment 104, such as a jet mixer, re-circulating mixer, or a batch mixer, for example, and then
pumped via pumping equipment 102 to the wellbore. In some embodiments, the mixing equipment
104 and the pumping equipment 102 may be disposed on one or more cement trucks. In some
embodiments, a jet mixer may be used, for example, to continuously mix the lime/settable material
with the water as it is being pumped to the wellbore. In extended-life embodiments, a re-circulating
mixer and/or a batch mixer may be used to mix the extended-life cement composition, and the

activator may be added to the mixer as a powder prior to pumping the cement composition
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downhole. Additionally, batch mixer type units for the slurry may be plumbed in line with a
separate tank containing a cement set activator. The cement set activator may then be fed in-line
with the slurry as it is pumped out of the mixing unit.

[0042] An example technique for placing an extended-life cement composition into a
subterranean formation will now be described with reference to FIGS. 2 and 3. FIG. 2 illustrates
surface equipment 200 that may be used in placement of an extended-life cement composition in
accordance with certain embodiments. It should be noted that while FIG. 2 generally depicts a
land-based operation, however, the principles described herein are equally applicable to subsea
operations that employ floating or sea-based platforms and rigs, without departing from the scope
of the disclosure. As illustrated by FIG. 2, the surface equipment 200 may include a cementing
unit 202, which may include one or more cement trucks. The cementing unit 202 may include
mixing equipment 104 and pumping equipment 102 (e.g., FIG. 1). The cementing unit 202 may
pump an extended-life cement composition through a feed pipe 204 and to a cementing head 206
which conveys the extended-life cement composition 14 downhole.

[0043] Turning now to FIG. 3, the extended-life cement composition 306 may be placed
into a subterranean formation 300 in accordance with example embodiments. As illustrated, a
wellbore 302 may be drilled into the subterranean formation 300. While wellbore 302 is shown
extending generally vertically into the subterranean formation 300, the principles described herein
are also applicable to wellbores that extend at an angle through the subterranean formation 300,
such as horizontal and slanted wellbores. As illustrated, the wellbore 302 comprises walls 304. In
the illustrated embodiment, a surface casing 308 has been inserted into the wellbore 302. The
surface casing 308 may be cemented to the walls 304 of the wellbore 302 by cement sheath 310.
In the illustrated embodiment, one or more additional conduits (e.g., intermediate casing,
production casing, liners, etc.), shown here as casing 312 may also be disposed in the wellbore
302. As illustrated, there is a wellbore annulus 314 formed between the casing 312 and the walls
304 of the wellbore 302 and/or the surface casing 308. One or more centralizers 316 may be
attached to the casing 312, for example, to centralize the casing 312 in the wellbore 302 prior to
and during the cementing operation.

[0044] With continued reference to FIG. 3, the extended-life cement composition 306 may
be pumped down the interior of the casing 312. The extended-life cement composition 306 may
be allowed to flow down the interior of the casing 312 through the casing shoe 320 at the bottom
of the casing 312 and up around the casing 312 into the wellbore annulus 314. The extended-life
cement composition 306 may be allowed to set in the wellbore annulus 314, for example, to form

a cement sheath that supports and positions the casing 312 in the wellbore 302. While not
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illustrated, other techniques may also be utilized for introduction of the extended-life cement
composition 306. By way of example, reverse circulation techniques may be used that include
introducing the extended-life cement composition 306 into the subterranean formation 300 by way
of the wellbore annulus 314 instead of through the casing 312.

[0045] As it is introduced, the extended-life cement composition 306 may displace other
fluids 318, such as drilling fluids and/or spacer fluids that may be present in the interior of the
casing 312 and/or the wellbore annulus 314. At least a portion of the displaced fluids 318 may exit
the wellbore annulus 314 via a flow line and be deposited, for example, in one or more retention
pits (e.g., a mud pit). Referring again to FIG. 3, a bottom plug 322 may be introduced into the
wellbore 302 ahead of the extended-life cement composition 306, for example, to separate the
extended-life cement composition 306 from the fluids 318 that may be inside the casing 312 prior
to cementing. After the bottom plug 322 reaches the landing collar 324, a diaphragm or other
suitable device should rupture to allow the extended-life cement composition 306 through the
bottom plug 322. In FIG. 3, the bottom plug 322 is shown on the landing collar 324. In the
illustrated embodiment, a top plug 326 may be introduced into the wellbore 302 behind the
extended-life cement composition 306. The top plug 326 may separate the extended-life cement
composition 306 from a displacement fluid 328 and also push the extended-life cement
composition 306 through the bottom plug 322.

[0046] A method of designing an extended-life cement composition may include two
primary steps. The first step is making the cement storable and the step is to activate the cement
to achieve a desired thickening time. In the first step, parameters such as process conditions, bulk
material availability, and engineering parameters required of the cement composition may be
specified. Process conditions may be the well bore conditions of a target well to be cemented but
may also be target conditions provided by a customer or conditions required by governmental
regulations. Bulk material availability is typically location dependent whereby some geographic
locations may have access to bulk materials that other geographic locations do not. Further, bulk
materials such as natural glasses and cements may vary across geographic locations due to
differences in raw materials for manufacturing and manufacturing methods, as well as natural
variations among deposits of mineable minerals across geographic locations. The first step is
making the cement storable may include using inputs of process conditions, bulk material
availability, and engineering parameters required of the cement composition into a cement
optimization model which outputs an extended-life cement composition which has the property of
maximizing storage time at specified storage conditions while meeting the target strength, target

thickening time, and lime requirements at target temperatures and pressures. The cement
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optimization model may include a cement compressive strength model and a storage time model.
The extended-life cement composition output of the cement optimization model may include the
identity and concentration of cement components such as hydraulic cements and supplementary
cementitious materials which when blended to form a cement slurry has the property of remaining
in a pumpable fluid state for at least the storage time at specified storage conditions such as
temperature. In instances where an extended-life cement composition cannot be formed solely
from the available bulk materials that can meet the storage time requirement at specified storage
conditions, the cement optimization model may further include steps to determine a concentration
and chemical identity of a cement retarder which may be included in the extended-life cement
composition such that the extended-life cement composition has the property of being able to
remain in a pumpable fluid state for at least the storage time at specified storage conditions such
as temperature.

[0047] In wellbore cementing, it is often a requirement to place specific fluids in pre-
defined areas in the wellbore to achieve zonal isolation often referred to as wellbore fluid hierarchy
which may include fluid density hierarchy and rheological hierarchy. If the wellbore fluid
hierarchy is not correct, different fluids may intermix or move past one another during dynamic
conditions or may little out to a different location under static conditions. Fluid density hierarchy
is typically designed such that each successive fluid pumped into a wellbore to be cemented (e.g.
spacer and cement) is denser than the previously pumped fluid such that after placement of the
fluids in the wellbore the fluids will tend to stay in place and not migrate due to differences in
density. Rheological hierarchy refers to the ability of fluids flowing through a wellbore to remain
in the same relative position during pumping, so fluid do not move past each other in the wellbore.
The relative positions of fluids in motion may be primarily a function of the friction gradient of
the fluid whereby a fluid with a relatively higher friction gradient will displace a fluid with a
relatively lower friction gradient when the fluids are in motion. As such, it is often a design
consideration for cement composition to have a lower friction gradient than a spacer fluid used to
displace the cement composition. A friction gradient for the extended-life cement composition
may be specified during the first step of defining process conditions. The cement optimization
model may further include functions to determine if a viscosifier or dispersing agent should be
added to the extended-life cement composition to meet the friction gradient and rheological
hierarchy requirement.

[0048] A method of preparing an extended-life cement composition will now be discussed
in detail. The discussion below focuses on manual steps to prepare an extended-life cement

composition and a model-based approach will be discussed later. FIG. 4 is a flow chart outlining
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the major steps in method 400 for preparing an extended-life cement. The method includes six
principal steps. In step 402, the engineering parameters of the extended-life cement composition
are defined. Some engineering parameters may include wellbore temperature, wellbore pressure,
and compressive strength requirement, for example. Arrow 603 shows the engineering parameters
set out in step 402 being passed to step 404. In step 404, a Portland cement and supplementary
cementitious materials are selected that will meet the engineering parameters set out in step 402.
Arrow 614 shows the Portland cement and supplementary cementitious materials selected in step
404 being passed to step 406. In step 406, a retarder and concentration thereof are selected that is
compatible with the Portland cement selected in step 404 and the engineering parameters set out
in step 402. Arrow 709 shows the retarder and concentration thereof being passed to step 408. In
step 408, the extended-life cement composition is designed for theological stability. Arrow 809
shows the results of step 408 being passed to step 410. In step 410 an activator and concentration
thereof are selected that are compatible with the Portland cement selected in step 404 and meets
the engineering parameters set out in step 402. Arrow 905 shows the activator and concentration
thereof selected in step 410 being passed to step 412. Finally, step 412 includes verifying the
compressive strength of the extended-life cement composition to verify the extended-life cement
composition meets the engineering parameters set forth in step 402.

[0049] Step 402 may include defining the engineering parameters of the extended life
cement composition. Typically, at least some of the engineering parameters are set in accordance
with the conditions of the wellbore being cemented. For example, bottom hole static temperature
and temperature gradient within the wellbore may be defined by logging operations which measure
the temperature along a length of the wellbore. Additionally, the density requirements for a
wellbore cement may be measured in the same way by measuring bottom hole static pressure and
pressure gradient along the wellbore. Some engineering parameters may be defined by a customer,
regulatory requirements, or by industry best practices. Some other engineering parameters may
include final compressive strength, compressive strength development rate, thickening time, and
gelling requirements, for example. Another engineering parameter that may be selected is slurry
shelf life. As discussed above, a feature of extended-life cement composition is the property that
the extended-life cement slurry can be stored in a pumpable fluid state for an extended period of
time. As such, the desired “shelf life” time or shelf life stability or shelf life requirement may be
defined as an engineering parameter of the extended-life cement composition.

[0050] Step 404 may include selecting a Portland cement that meets the engineering
parameters set out in step 402. FIG. 5 shows a general trend of reactivity for different classes of

Portland cement. Class C or ASTM type III Portland cement generally has a relatively higher
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reactivity at all temperatures than class A or ASTM type I/II and class G/H. Class A or ASTM
type I/I generally has a higher reactivity at all temperatures than class G/H. As such, for a
relatively low wellbore temperature, class C or ASTM type III may be required to meet
engineering parameters such as rate of compressive strength development, and thickening time,
for example as class A or ASTM type I/Il and Class G/H may not be reactive enough at lower
temperatures. Similarly, for relatively medium temperature wellbore, class A or ASTM type I/I1
may be selected to balance reactivity with higher temperature. Finally, for relatively higher
temperature wellbores, class G/H cement may be selected as the reactivity may be appropriate for
the relatively higher temperature where other Portland cements may react too quickly to be placed
in the wellbore. In some examples, more than one Portland cement may be selected.

[0051] FIG. 6 is a flowchart illustrating a detailed procedure for step 404 for selecting a
Portland cement and supplementary cementitious materials to be included in an extended-life
cement composition. Step 404 as illustrated in FIG. 6 may begin with selecting a Portland cement
in step 602. Step 602 may take as input the engineering parameters determined in step 402 in FIG.
4, show in FIG. 6 as arrow 603. From the input of arrow 603, a first approximation for the correct
Portland cement may be determined based at least in part on the temperature defined by the
engineering parameters. There may be more than one correct Portland cement that may meet the
engineering parameters set for in step 402 based on temperature, however, as will be discussed in
detail below, the Portland cement selected may not meet other engineering parameters such as
shelf life stability. In step 602, the engineering parameters may be compared against a cement
reactivity trend 604 illustrated by arrow 605. Cement reactivity trend 604 may be a reactivity trend
such as that illustrated in FIG. 5 or may be any other cement reactivity trend which includes
information about reactivity and temperature for various cements. In some examples, the recement
reactivity trend may include a correlation of cement reactivity with temperature. Arrow 606
indicates information from cement reactivity trend 604 being transferred back to step 602.

[0052] From step 602, the selected Portland cement may be an input to step 608, indicated
by arrow 607. In step 608, supplementary cementitious materials may be selected to impart
physical and chemical properties to the extended-life cement slurry. A supplementary cementitious
material selection matrix is shown in Table 1 below. In some examples, a supplementary
cementitious material selection matrix may include correlations which may take as input
engineering parameters defined above such as wellbore temperature and water to blend ratio and
output a supplementary cementitious material appropriate for use based at least in part on the
engineering parameters. Additionally, supplementary cementitious materials may be selected

based as least in part on reactivity, temperature sensitivity of reactivity, and water requirement.
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Water requirement is typically defined as the amount of mixing water that is required to be added
to a powdered, solid material to form a slurry of a specified consistency. Any of the previously
mentioned supplementary cementitious materials may be included in an extended-life cement
slurry. The water to blend ratio may be based on the Portland cement and SCM’s selected for
inclusion in the extended-life cement composition and the density set for in step 402.

Table 1

Select Low Reactive SCM Select Low Reactive Select Low Reactive

. . ) SCM with medium
High with low WR SCM with medium WR WR
Wellbore Select High reactive SCM Select high reactive Select high reactive
Temperature and Low Reactive SCM S.CM and Low . SCM and Low
and mix 1-2 ratio Reactive SCM and mix | reactive SCM and
Medium ' with 1:1 ratio mix 2:1 ratio

Select High reactive SCM | Select High Reactive | Select high Reactive
with low WR SCM with medium WR | SCM with high WR

Low

Low Medium High

Water to Blend Ratio (blend = Portland plus SCM's)

[0053] The supplementary cement components may be analyzed to determine their water
requirement by any method. As the water requirement may be the amount of mixing water that is
required to be added to a powdered, solid material to form a slurry of a specified consistency, one
example technique for determining water requirement holds the consistency and amount of water
constant while varying the amount of the solid material. However, techniques may also be applied
that vary the amount of the water, the consistency, and/or the amount of solid material in any
combination. Water requirement for a supplementary cementitious material may be determined by
a process that includes a) preparing a blender (e.g., Waring® blender) with a specified amount of
water (e.g., about 100 grams to about 500 grams), b) agitating the water at a specified blender rpm
(e.g., 4,000 to 15,000 rpm), ¢) adding the powdered solid that is being investigated to the water
until a specified consistency is obtained, and d) calculating the water requirement based on the ratio
of water to solids required to obtain the desired consistency. A specific example for determining
water requirement may include, but is not limited to: 1) preparing a blender (e.g., Waring® blender)
with a specified amount of water (e.g., about 100 grams to about 500 grams or about 200 grams in
one example); 2) agitating the water at a specified blender rpm (e.g., about 4,000 to about 15,000
rpm or about 12,000 rpm in one example); 3) adding a specified amount (e.g., about 1 gram to about
1,000 grams or about 400 grams in one example) of the cement component to the water; 4)
observing mixture to determine if a specified consistency is obtained, for example, the cement

component can be considered thoroughly wet and mixed if the vortex formed at the surface of the
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mixture in the blender is about 0 inches (0 mm) to about 2 inch (50 mm) or about 0.004 inches (0.1
mm) to about 1 inch (25 mm); 5) if the desired consistency is not obtained, add more cement
component until desired consistency is obtained, for example, the vortex formed in the blender is
about the size of a dime; and 6) calculate the water requirement based on the ratio of water to
cement component to obtain the desired consistency. In some examples, the specific consistency
may be where a vortex at the surface of the mixture in the blender is the size of a dime or about 0.7
in (17.9 mm). Other suitable techniques for determining the water requirement may also be used.
[0054] As is illustrated in the supplementary cementitious material selection matrix of
Table 1, there may be two general trends to selection of supplementary cementitious materials.
First, as the wellbore temperature is increased, a less reactive SCM may be chosen to reduce the
reactivity of the extended-life cement composition. Conversely, as the wellbore temperature
decreases, a more reactive SCM may be chosen to increase the reactivity of the extended-life
cement composition. Second, as the water to cement blend ratio increases from a relatively lower
water ratio to a higher water ratio, the water requirement of the SCM may increase to account for
the additional water. The amount of water in the slurry may be a function of the density
requirement of the cement composition, determined in step 402. In general, water may be less
dense than cement and therefore an increased fraction of water yields a less dense cement slurry.
As such, the water content of the cement slurry may be a function of required density and the water
to blend ratio may be deemed low, medium, or high, depending on the amount of water required
to reach the density specified in step 402. There may be a third factor in the SCM selection process
where an intermediate reactivity is required due to an intermediate wellbore temperature. In such
examples, two SCMs with disparate reactivity may be selected and mixed to form a compound
SCM with intermediate reactivity. Additionally, water requirement for the compound SCM may
be modulated by selecting SCMs with disparate water requirement that combine to form an
intermediate water requirement. In examples where an intermediate reactivity is required and a
low water requirement is required, two SCMs with relatively lower water requirement and
disparate activities may be selected to form an intermediate reactivity, low water requirement
compound SCM. Conversely, in examples where an intermediate reactivity is required and a high
water requirement is required, two SCMs with relatively higher water requirement and disparate
activities may be selected to form an intermediate reactivity, higher water requirement compound
SCM.
[0055] Once the SCM or SCMs have been selected, an additional consideration in step 608
may be calculation of lime available to react with the Portland cement and SCMs. In general, lime

is required to cause cementitious reactions to occur in cement compositions. Insufficient lime may
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cause the cement components to not completely react which may cause the set cement to not have
the required engineering properties. Portland cements may release lime upon reaction with water.
However, additional lime may be required to stoichiometrically balance the amount of lime
provide by the Portland cement with lime provided by SCMs. Some SCMs may require additional
lime to set as they may be devoid of free lime or lime that is released upon reaction with water.
Oxide analysis or other analytical techniques performed on the SCM to determine the
mineralogical makeup of the SCM or Portland cement which may then be utilized to determine
additional lime required.

[0056] An additional consideration when selecting additional lime to include in the
extended-life cement composition is that relatively more lime may limit the shelf life of the
extended-life cement composition. Additional lime may cause cementitious hydration reactions to
proceed in the extended life cement composition which may in turn cause gelation and setting of
the extended-life cement composition. Conversely, limiting additional lime may prolong shelf life
the extended-life cement composition.

[0057] After the supplementary cementitious materials and lime, if any, are selected in step
608, the selected materials may be passed to step 610 as indicated by arrow 609. In step 610, the
selected Portland cement, SCM(s), lime, and water required to reach the density specified in step
402 may be combined to form a cement slurry. The cement slurry may be tested in a UCA, using
as described above at the temperature and pressure defined in step 402. The UCA test may give
information about the compressive strength and gelation of the cement slurry over a period of time.
The results of the UCA test may then be compared against the engineering parameters defined in
step 402, represented by arrow 611 and decision point 612. In decision point 612, the UCA tests
may be compared against one or more engineering parameters such as compressive strength and
gelation time to determine if the prepared cement composition needs to be adjusted. For example,
if the prepared slurry is considered to have met the engineering parameters defined in step 402,
the method may proceed to step 406, via arrow 614, as will be discussed below. Alternatively, if
the compressive strength requirement is not met or gelation occurs with mixing, the prepared slurry
may be considered to have not met the engineering parameters defined in step 402 and the method
may proceed back to step 602 as indicated by arrow 613. Another Portland cement may then be
selected that is not the same as the previously selected Portland cement and step 602, step 608, and
step 610 may be repeated until a slurry that meets the engineering parameters defined in step 402
is found that meets compressive strength requirements and does not exhibit gelation beyond what

is defined in step 402.
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[0058] With further reference to FIG. 4, after the step of selecting Portland cement and
SCMs in step 404, the method may proceed to step 406 whereby a cement retarder and
concentration thereof may be selected. As discussed above, some engineering parameters set forth
in step 402 may include the shelf life time or time required to remain in a pumpable fluid state and
the rate of gelling. There may be a wide variety of cement retarders suitable for inclusion in an
extended-life cement composition, only some of which may be enumerated herein. Table 2 is a

listing of some cement retarders which may be included in the extended-life cement compositions.

Table 2
Type Viscosity Effect Relative Strength
Lignosulfonate Dispersing Medium
Synthetic Neutral to Viscosifying High
Inorganic Neutral to Viscosifying High
Sugars Viscosifying Medium
Organic Acids Gel Control/ Slight Dispersion High

[0059] FIG. 7 is a flowchart illustrating a detailed procedure for step 406 for selecting a
cement retarder and concentration thereof. Step 406 as illustrated in FIG. 7 may begin with
selecting a cement retarder based on the shelf life and thickening time requirements from the
engineering parameters defined in step 402. A cement retarder may be classified as a weak cement
retarder if the effect on slowing the hydration reaction is not strong. Alternatively, a cement
retarder may be classified as strong if the cement retarder slows the hydration reaction to a greater
extent than the retarder classified as weak. As shown in Table 2, some cement retarders may also
have secondary effects on viscosity which may affect the ability of an extended life cement
composition to remain flowable. In step 702, a cement retarder may be selected based at least in
part on the viscosifying effects of the cement retarder and relative strength of the cement retarder.
Multiple concentrations of cement retarder may also be selected such that multiple quantification
tests may be performed as will be described below. In some examples, a correlation may be utilized
which correlates an input of engineering parameters and outputs a cement retarder based at least
in part on the viscosifying effects of the cement retarder and relative strength of the cement retarder
to meet the engineering parameters.

[0060] From step 702, the selected cement retarder and concentration thereof may be
passed to step 704 as indicated by arrow 703. In step 704, the cement retarder’s effect on setting
may be quantified. The selected Portland cement and SCMs from step 404 may be combined with
water and the cement retarder to form a cement slurry which may then be tested for multiple time
periods. A plurality of cement slurries may be prepared with varying concentrations of the selected

cement retarder to be tested. The prepared cement slurries may be monitored over multiple days
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to determine the effectiveness of the cement retarder on flowability of the cement slurries. For
example, the flowability of each prepared cement slurry may be characterized as very flowable,
flowable with slight resistance to mixing, flowable with high resistance to mixing, and not
flowable. The flowability testing may be performed over a period of days to determine the longer-
term stability of the prepared cement slurries. Some tests may include monitoring flowability for
1 day, 2 days, 3 days, 7 days, 10 days, or longer. In some examples, a cement may have a
flowability requirement. The results of the testing performed in step 704 may be compared against
the engineering parameters set forth in step 402 to determine if the selected cement retarder and
concentration thereof meets at least some of the engineering parameters. From step 704, the
method may proceed to step 706 as indicated by arrow 705.

[0061] In step 706, the rate of gelling may be quantified. Cement slurries may be prepared
including the selected Portland cement, SCMs, water, and cement retarder as in step 704. The rate
of gelling may be quantified by any method. One method may include measuring gel strength in a
viscometer at 3 RPM over a period of time. The results of the viscometer readings may be plotted
and a best-fit slope of the data may be an indication of the rate of gelling.

[0062] From step 706, the method may proceed to decision point 708 whereby the prepared
cement slurries from steps 704 and 706 may be compared to the engineering parameters set forth
in step 402. If the prepared slurry is deemed to meet the engineering parameters, step 406 may be
considered complete and the method may move to step 408 as indicated by arrow 709. If the
slurries are deemed to not meet the engineering parameters, the method may proceed back to step
702 as indicate by arrow 710. Step 406 may then begin again with selection of another cement
retarder with a different chemical identity than the first selected cement retarder.

[0063] With reference to FIG. 4, from step 406, the method may proceed to step 408 as
indicated by arrow 709. In step 408, the rheological stability of the extended-life cement slurry
may be adjusted. Some engineering parameters specified in step 402 may include the viscosity
required to meet the rheological hierarchy at casing and annular shear rates as well as the rate of
gelling that may occur from shearing the extended-life cement slurry. FIG. 8 is a flowchart
illustrating a detailed procedure for step 408 to design the extended-life cement slurry to meet
rheological stability requirements defined in step 402.

[0064] In FIG. 8, the method may begin with step 802 with the input from step 406 as
indicated by arrow 709. In step 802 a viscosifier or dispersing agent and concentration thereof may
be selected based on the results of the flowability results from step 704 and the gelling rate results
from step 706 as shown in FIG. 7. Viscosifying agents and dispersing agents may be selected based

at least in part on engineering parameters determined in step 402 such as wellbore temperature and
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from the water requirement of the Portland cement and SCMs selected in step 404. Any of the
previously mentioned viscosifying agents and/or dispersing agents previously discussed may be
included in examples of the extended-life cement composition. Table 3 is a selection matrix for
selecting concentrations of viscosifying agents and dispersing agents based on the temperature
provided in the engineering parameters of step 402 and the water requirement of the selected
Portland cement and SCMs from step 404. The selection made in Table 3 may be a first guess for

a starting concentration of viscosifying agents and/or dispersing agents. A final concentration of

dispersant and viscosifier may be selected based on testing methods described below.

Table 3
select 0.1%-0.2% select 0.2% - 0.3% select 0.2%-0.5%
BWOC dispersant/ BWOC BWOC dispersant/
High viscosifier dispersant/viscosifier | viscosifier
select 0.1% - 0.2% select 0.2 BWOC
Temperature select 0.1% BWOC BWOC dispersant/ dispersant/
Medium dispersant/ viscosifier | viscosifier viscosifier
select 0.05%-0.1% select 0.1% BWOC | select 0.1% - 0.2%
BWOC dispersant/ dispersant/ BWOC dispersant/
Low viscosifier viscosifier viscosifier
Low Medium High
Water to Blend Ratio (blend = Portland plus SCM's)

[0065] In step 802 a viscosifier or dispersing agent and concentration thereof may be
selected based on the results of the flowability results from step 704 and the gelling rate results
from step 706 in view of the engineering parameters from step 402 and calculated water
requirement determined in step 404. From step 802, the method may proceed to step 804 as
indicated by arrow 803. In step 804, a plurality of cement slurries may be prepared that include
the Portland cement, SCMs, cement retarder, water, and viscosifying and/or dispersing agent. The
plurality of cement slurries may be prepared that includes varying concentrations of viscosifying
and/or dispersing agents to determine the effects of concentration thereof on rheology. The
prepared cement slurries may be tested in a consistometer at casing and/or annular shear rates to
measure the apparent viscosity. From step 804, the method may proceed to step 806 where the gel
strength for shelf life may be measured. A consistometer may be utilized at a specified RPM, such
as 3 RPM, and the gel strength may be recorded over a period of time. For example, the test may
include monitoring gel strength for 1 day, 2 days, 3 days, 7 days, 10 days, or longer. The results
of gel strength testing may be plotted and the slope of the best-fit line may be the rate of gelling.
Although only one method of measuring apparent viscosity and rate of gelling are enumerated
herein, there may be other tests for apparent viscosity and gel strength that may provide equivalent
or similar information about gel strength and apparent viscosity.
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[0066] From step 806, the method may proceed to step 808 as indicated by arrow 807. In
decision point 808. In decision point 808, the results of step 804 and 806 may be compared against
the engineering parameters defined in step 402. If one of the tested slurries is deemed to meet the
engineering parameters, step 408 may be considered complete and the method may move to step
410 as indicated by arrow 809. If the slurries are deemed to not meet the engineering parameters,
the method may proceed back to step 802 as indicate by arrow 810. Step 408 may then begin again
with selection of another viscosifying and/or dispersing agent with a different chemical identity
and steps 804 and 806 may be repeated to test the newly selected viscosifying and/or dispersing
agent.

[0067] With further reference to FIG. 4, after the step of designing for rheological stability
in step 408, the method may proceed to step 410 whereby an activator and concentration thereof
may be selected. As discussed above, some engineering parameters set forth in step 402 may
include the 24-hour compressive strength requirement or other strength requirements, which may
be defined by regulation or best practices. There may be a wide variety of activators suitable for
inclusion in an extended-life cement composition, only some of which may be enumerated herein.
Any of the previously mentioned activators may be suitable for inclusion in an extended-life
cement composition. As discussed above, some engineering parameters set forth in step 402 may
include wellbore temperature, thickening time, and compressive strength at various times such as
24 hours, for example.

[0068] FIG. 9 is a flowchart illustrating a detailed procedure for step 410 to select an
activator and concentration thereof to meet the engineering parameter defined in step 402. As
shown in FIG. 9, step 410 may begin with the input from arrow 809 from step 408. Arrow 809
may represent the extended-life cement composition developed from steps 404, 406, and 408 and
may include Portland cement, SCMs, cement retarders, and viscosifiers and/or dispersants, for
example. In step 902, the extended-life cement composition may be prepared at the density
specified by the engineering parameters from step 402 and the resultant slurry may be introduced
into an ultrasonic cement analyzer or other apparatus capable of measuring thickening time and
compressive strength at the temperature and pressure specified in the engineering parameters from
step 402. The prepared cement slurry may be monitored for thickening time and compressive
strength at the conditions specified by the engineering parameters from step 402. In step 904, the
results of the UCA test or equivalent test may be compared to the engineering parameters from
step 402. If the thickening time and compressive strength requirements are met, no activator may
be required as the prepared slurry can set with temperature alone and the method may proceed to

step 412 as indicated by arrow 905. Alternatively, if the test in step 904 indicates the thickening
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time is too short, a cement retarder may be required to be added and the method may be returned
to step 406 to select the cement retarder. Further, if the thickening time is too long, an activator
may be required to be added to the extended-life cement composition. The method may progress
to step 906 as indicated by arrow 907. In step 906, an activator and concentration thereof may be
selected and the method may return to step 902 as shown by arrow 908. The selection of activator
may be based at least in part on temperature and reactivity of the activator. A cement slurry may
be prepared and tested according to the method above until a thickening time is achieved that is
within the specification of step 402.

[0069] With further reference to FIG. 4, after the step of selecting an activator and
concentration thereof in step 410, the method may proceed to step 412 whereby the compressive
strength of the cement composition may be verified by destructive or non-destructive means. An
extended life cement composition may be prepared based on the results of steps 404, 406, 408, and
410 and may include Portland cement, SCMs, cement retarders, viscosifiers and/or dispersants,
and a cement retarder for example. The extended-life cement composition may be prepared with
sufficient water to reach the density defined in step 402. The cement composition may be cured at
the temperature and pressure specified by step 402 and thereafter be subjected to compressive
strength testing such as unconfined compressive strength testing. If a result of the compressive
strength test indicates that the compressive strength is lower than required as set out in step 402,
the method may return to step 406 to select another cement retarder or a concentration of cement
retarder or the method may return to step 410 to select and/or increase a concentration of
accelerator. Alternatively, the method may return to step 402 to select a higher concentration of
Portland cement or to select a more reactive Portland cement.

[0070] While the foregoing discussion has been directed to manual methods of preparing
an extended-life cement composition, the discussion will now be drawn to model based approach
utilizing a cement optimization model. FIG. 10 illustrates method 1000 for preparing an extended-
life cement composition using a cement optimization model. Method 1000 may begin with step
1002, step 1004, and step 1006. In step 1002, engineering parameters such as a target lime to silica
ratio or target lime requirement as well as compressive/ tensile strength requirements may be
defined. In step 1004, process conditions such as wellbore temperature, storage temperature,
required storage time, and cement density may be specified. In step 1006, bulk material availability
may be defined. Bulk material availability may include compositional analysis of the bulk
materials such as lime content and mineral content. The results of step 1002, step 1004, and step
1006 may be input into step 1008 where the results of each of step 1002, step 1004, and step 1006

are used in a cement optimization model. The cement optimization model will be described in
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detail below. An output from step 1008 may include an extended-life cement composition which
contains components selected from the bulk material availability defined in step 1006. Bulk
materials may include any materials described above, including cement components,
supplementary cementitious components, and cement additives. The extended-life cement
composition from step 1008 may be used as an input to step 1010 as indicated by arrow 1009. In
step 1010, a storage time model may be utilized which predicts the amount of time which the
extended-life cement composition from step 1008 can be stored in a pumpable fluid state. The
storage time model will be discussed in detail below. If the predicted storage time from step 1010
does not meet or exceed the required storage time defined in step 1004, the method may proceed
back to step 1008 as shown by arrow 1011 such that a new extended-life cement composition may
be generated. Step 1008 of generating an extended-life cement composition and step 1010 of
predicting the amount of time the extended-life cement composition may be stored in a pumpable
fluid state may be iteratively performed until an extended-life cement composition is generated
which meets the required storage time or it is determined that a cement retarder is required to meet
the required storage time.

[0071] Method 1000 may proceed to decision 1012 where the predicted storage time of the
extended-life cement composition may be compared to the required storage time defined in step
1004. If the predicted storage time meets or exceeds the required storage time, the method may
proceed via arrow 1013 to step 1016. If the predicted storage time is less than the required storage
time, the method may proceed to step 1014 where a cement retarder and concentration thereof may
be selected. In step 1014 the storage time model may be used to predict the storage time for an
extended-life cement composition which includes the selected cement retarder. As there may be
several cement retarders available as a bulk material defined in step 1006, there may be several
cement retarders which may result in an extended life cement composition with the required
storage time. Additional constraints may be applied to selecting a cement retarder and
concentration thereof such as maximum allowable concentration or constraints related to material
compatibility, for example. The step of selecting a cement retarder may be iteratively performed
such that an extended life cement composition with the required storage time may be generated
within the additional constraints. After an extended life cement composition with the required
storage time is generated, method 1000 may proceed to step 1016.

[0072] In step 1016, the extended life cement composition may be prepared by mixing the
components of the extended life cement composition selected in step 1008 and cement retarder
from step 1014, if present, to form an extended life cement slurry. The extended life cement slurry

subjected to testing to determine that the extended life cement composition meets or exceeds the
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engineering parameters defined in step 1002 including, for example, the required storage time.
Other test may include ultrasonic cement testing, thickening time tests, flowability tests as different
time intervals (e.g. 10 seconds, 10 minutes, 30 minutes, 24 hours, or greater), theology testing, and
tests to determine the frictional gradient, for example. In examples where the frictional gradient
does not meet the rheological hierarchy requirements, method 1000 may proceed to step 1018
whereby a viscosifier or a dispersing agent and concentration thereof may be selected such that
the rheological hierarchy requirements are satisfied. An output from step 1018 is the recommended
extended-life cement composition.

[0073] The cement optimization model previously mentioned will now be described in
detail. The cement optimization model may have an objective function described by:
Maxgiena composiiton(Storage Time) with  the constraints of (S =Target €S and
Lime Content = Target Lime Content. As such, the optimization of storage time may be
achieved by modifying the blend composition while abiding by the constraints of compressive
strength and lime content. The cement optimization model may calculate properties at a density
and temperature conditions which are relevant, such as the cement density and storage temperature
selected in step 1004. In some examples, the cement optimization model may be evaluated at
storage temperature and the compressive strength model may be evaluated at wellbore
temperature. The cement optimization model may include a compressive strength model and a
storage time model.

[0074] In some examples, the compressive strength model may have the form of Equation

1,
Equation 1
€S = CS, <—Water )n exp (_ Begpr <L _ l))
X am; R \Tey T
Where CSo is the compressive strength of the Portland cement at a desired temperature
when % = 1, water is the mass fraction of water in the extended-life cement composition,

a; is a constant that characterizes reactivity of blend material 1 in the extended-life cement
composition, m; is the mass fraction of component i in the extended-life cement composition, n is
a measure of sensitivity to change in water content, E.ss 77 is the effective activation energy of
the blend which describes the sensitivity to temperature changes, R is the gas constant, Trr is the
reference temperature where effective activation energy is measured or calculated at, and T is
temperature. E. s 77 may be calculated as a weighted or volumetric average of activation energies
for individual blend materials. N may be determined by preparing two cement compositions with

different amounts of water and using equation 4 to calculate n.
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[0075] A method of using Equation 1 may be in step 1008. After defining the compressive
strength requirement in step 1002 and process conditions in step 1004, the output of steps 1002
and 1004 may be input to Equation 1. Equation 1 may be iterated by selecting components and
mass fractions thereof from the bulk material availability defined in step 1006 and calculating the
predicted compressive strength. Step 1006 may also include defining activation energies of the
bulk material availability to allow for calculations of E, ¢ 7. If the predicted compressive strength
of an extended-life cement composition as calculated by Equation 1 meets or exceeds the required
compressive strength, the extended-life cement composition may be used as an input to a storage
time model described by Equation 2 below. However, if the extended-life cement composition as
calculated by Equation 1 does not meet or exceeds the required compressive strength, the
concentration of one or more components of the extended-life cement composition may be
adjusted to generate a new extended-life cement composition. The compressive strength of the
new extended-life cement composition may be calculated and compared to the required
compressive strength. The process of selecting components and mass fractions thereof may be
continued until an extended-life cement composition that meets the required compressive strength.

[0076] In some examples, the storage time model may have the form of Equation 2,

Equation 2

water\™ E 1 1
storage Time = STo (7o) D xifi exp (_%G_f ) 7))
4 re

Where the material constant STo is the storage time of pure Portland cement at a desired

water wate

T . . :
=1, is the ratio of masses of water and cement components in
Portland blend

temperature when

the cement blend, n is a measure of sensitivity to change in water content, xi is the mass fraction
of component i in the cement blend, §;is a constant which characterizes the reactivity of
componenti, Er ¢ ¢4 18 the effective activation energy of the blend which describes the sensitivity
to temperature changes, R is the gas constant, Trr is the reference temperature where effective
activation energy is measured or calculated at, and T is temperature. Eff 04 may be calculated
as a weighted or volumetric average of activation energies for individual blend materials. The
constant 5; may be set to 1 for pure Portland cement but for other materials the value of 8; may be
determined experimentally.

[0077] As will be discussed in detail below, a thickening time model may be used to
calculate a thickening time of an extended-life cement composition. A thickening time model may
have the form of Equation 3, for example.

Equation 3

28



WO 2022/010501 PCT/US2020/042556

Thickening Ti TT (Wam)nz B
wcKkenin mme = -_— Xipi
g °\blend Kb

Where TTo is the thickening time of pure Portland cement at a desired temperature when

water water . . .
= 1, —— is the ratio of masses of water and cement components in the cement blend, n
Portland blend

is a measure of sensitivity to change in water content, xi is the mass fraction of component i in the
cement blend, f; is a constant which characterizes the reactivity of component 1.

[0078] An example method to determine £5; for a cement component may include selecting
a Portland cement with a known thickening time, mixing a 50-50 volume of Portland cement and
a material who’s §3; value is unknown, performing a thickening time test at a selected temperature
and density, and thereafter using equation 3 with the data collected from the thickening time test
to determine f3; for the cement component.

[0079] The thickening time for a fluid, in general, may be the solution to integral Equation
4. As will be readily apparent, Equation 3 is a form of Equation 4.

Equation 4

1 ft dt
o TT(T(0), P(), ps(t), cp1, R)

Where the time t which satisfies the above equation is the thickening time of a cement
slurry under the given conditions of temperature T and pressure P. The thickening time TT may
be a function of several parameters including time dependent temperature T(t), time dependent
pressure P(t), density p¢(t), blend composition Cpi, and retarder package R and its concentration.
There maybe several equivalent forms of Equation 4.

[0080] One form of the denominator of Equation 4 may be Equation 5 shown below.

Equation 5
TT(T(t), P(t), Ps (t), Cpl R)

=TT, exp (— R <Tref — T(t))) exp <— m) exp(a[R]) <?>

Where W is the amount of water, C is the amount of cement, TTo is thickening time of pure

water
Portland

Portland cement at a desired temperature when =1, Eppppr 1s the effective activation

energy of the blend which describes the sensitivity to temperature changes, R is the gas constant,
Trer 1s the reference temperature where effective activation energy is measured or calculated at, T
is temperature, t is time, V is the activation volume, and « is the potency of the cement retarder,
and n is a constant for a given extended-life cement composition.
[0081] A method of using Equation 2 may be in step 1010 and decision 1012. The
extended-life cement composition from Equation 1 which meets the compressive strength
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requirement may be input into Equation 2 along with the storage temperature defined in step 1002
and a predicted storage time may be calculated. If the predicted storage time meets or exceeds the
required storage time, the method may proceed to decision 1012 as described above. However, if
the predicted storage time does not meet or exceed the required storage time, the method may
proceed back to step 1008 where Equation 1 may be utilized to generate a new extended-life
cement composition. The process of generating the extended-life cement composition and
calculating a predicted storage time may be repeated until a storage time is achieved that meets or
exceeds the required storage time is achieved.
[0082] While the above equations may allow the storage time and compressive strength of
a cement composition to be predicted, the storage time requirement set forth in step 1002 may not
be achievable without a cement additive such as a cement retarder. A storage time requirement
may be on the order of a few days to a few weeks, and in such examples, a cement retarder or other
retarding additive may be used in the cement blend to achieve an extended storage time as required.
A cement retarder may be selected to be included in the extended-life cement composition based
on the required storage time and dispersion effects of the cement retarder, for example. To select
a cement retarder a storage time model for cement additives may be utilized. One example of a
storage time model for additives may have the form of Equation 6, and in some examples, Equation
7.
Equation 6
Storage Time « e’

Equation 7

water\" Eeff UCA 1 1
Storage Time = ST, ( ) eycz x;B; exp| — 22— — =
°\blend o R \Te T

Where y is a measure of potency of the additive to accelerate or retard and C is the

concentration of the additive expressed with reference to a base material such as Portland, often
referred to as by weigh of cement (BWOC). For additives that retard, the value of y will be positive
whereas an additive that accelerates will have a negative y.

[0083] A method of using Equation 7 may be in step 1014. The extended-life cement
composition generated in Equation 1 may be input into Equation 7 and a retarder and concentration
thereof may be selected from the bulk material availability defined in step 1006. The storage time
of the extended-life cement composition including the cement retarder may be calculated using
Equation 7 which may then be compared to the required storage time. If the storage time meets or
exceeds the required storage time, the method may proceed to step 1016 as described above.

However, if the storage time of the extended-life cement composition including the cement
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retarder does not meet the required storage time, Equation 7 may be iterated by increasing the
concentration of the selected retarder or selecting an additional or separate retarder and
concentration thereof. Storage time of the extended-life cement composition including an
additional or separate retarder may then be calculated and compared to the required storage time.
The process of iterating Equation 7 may be continued until an extended-life cement composition
with the required storage time is achieved.

[0084] Table 1 shows two compositions that were produced using equation 1 with
requirements of 13 pounds per gallon (ppg) density, >= 1500 psi compressive strength, and a silica
lime ratio (CaO/ Si02) of between 0.111 and 0.667. Copolymers of 2-acrylamido-2-
methylpropane and acrylic acid may be used as cement retarders and typically have y values of
about 2.26 (%bwob)! where bwob is by weight of blend. For design 2 in Table 4, the storage time
may be extended to 10 days by adding a concentration of 1.25 bwob of a of 2-acrylamido-2-
methylpropane and acrylic acid copolymer.

Table 4

Predicted CS | Predicted Storage
Design # Mass Fraction of Blend at 180 °F Time at 80 °F

0.594 - Type I/II Portland
0.001 - Fly Ash
0.4 - Natural Glass
0.005 Crystalline Silica
1 0.001 - Hausmannite 1674 230

0.465 - Type I/II Portland
0.263 - Fly Ash
0.046 - Cement Kiln Dust
0.003 - Crystalline Silica
0.169 Hematite
2 0.003 Hausmannite 1569 800

[0085] After an extended-life cement composition has been produced that has the required
storage time, the extended-life cement composition may be prepared and tested as in step 1016
and any additional components required for rheological hierarchy may be added in step 1018 as
described above. After the recommended extended-life cement composition has been produced as
described above, a second step may be to determine if an activator is required to set the extended-
life cement composition to the required compressive strength and/or thickening time as defined in
step 1002. A thickening time model may be used to predict a thickening time for an extended-life
cement composition. As described above, thickening time may be the time for the treatment fluid
to reach 70 Bc. Depending on wellbore temperature, an activator may not be required to set the
extended-life cement composition. For example, if a wellbore temperature is relatively high, the

extended-life cement composition may set thermally from being heated by the wellbore. In some
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examples the extended-life cement composition may have a short thickening time at elevated
temperatures which may require additional cement retarder to achieve the required thickening
time.

[0086] FIG. 11 illustrates a method 1100 to determine if an activator or cement retarder is
required to be included in the extended-life cement composition. Method 1100 may begin with the
output of method 1000, the recommended extended-life cement composition, going to step 1104.
In step 1104, a thickening time model may be used to calculate the thickening time of the
recommended extended-life cement composition. At decision 1106, the calculated thickening time
may be compared to the required thickening time defined in step 1002. If it is determined that the
calculated thickening time is within tolerance of the required thickening time, method 1100 may
proceed to step 1110. If the calculated thickening time is outside the spec of the required thickening
time method 1100 may proceed to step 1108 where an activator or cement retarder may be selected
from the bulk material availability defined in step 1006.

[0087] An example method of using Equation 3 or its equivalents in 4 and 5 may be in step
1104. The recommended extended-life cement composition may be utilized with Equation 3 to
calculate the thickening time of the recommended extended-life cement composition. If the
thickening time is within tolerance of the required thickening time, the recommended extended-
life cement composition may be used in a cementing operation. If the thickening time is not within
tolerance of the required thickening time because the thickening time is too long or too short, an
activator or cement retarder may be selected in step 1108. In step 1108 a cement retarder and
concentration thereof may be selected if the thickening time is too short and an activator may be
selected if the thickening time is too long. Equation 3 may be iterated by selecting a cement retarder
or activator and a concentration thereof and calculating the thickening time of the recommended
extended-life cement composition including the cement retarder or activator. If the recommended
extended-life cement composition including the cement retarder or activator is within tolerance of
the required thickening time, the method may proceed to step 1116 where the recommended
extended-life cement composition is prepared and pumped into a wellbore. If the recommended
extended-life cement composition including the cement retarder or activator is not within tolerance
of the required thickening time, Equation 3 may be iterated by increasing the concentration of the
selected cement retarder or activator, selecting an additional or separate cement retarder or
activator and concentration thereof. Thickening time of the extended-life cement composition
including an additional or separate cement retarder or activator may then be calculated and
compared to the required thickening time. The process of iterating Equation 3 may be continued

until an extended-life cement composition with the required thickening time is achieved.
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[0088] Examples of the extended-life cement compositions may be used in a variety of
subterranean operations, including primary and remedial cementing. In some embodiments, an
extended-life cement composition may be provided that includes hydraulic cement, a
supplementary cementitious material, a cement retarder, and water. The extended-life cement
composition may be prepared according to any method disclosed herein such that the extended-
life cement composition has the property of being able to remain in a pumpable fluid state for an
extended period of time. An activator may be included in the extended-life cement composition
such that the extended-life cement composition may set. In examples, the extended-life cement
composition may be introduced into a subterranean formation and allowed to set therein. As used
herein, introducing the extended-life cement composition into a subterranean formation includes
introduction into any portion of the subterranean formation, including, without limitation, into a
wellbore drilled into the subterranean formation, into a near wellbore region surrounding the
wellbore, or into both. Embodiments may further include activation of the extended-life cement
composition. The activation of the extended-life cement composition may include, for example,
the addition of a cement set activator to the extended-life cement composition.

[0089] In some examples, an extended-life cement composition may be provided that
includes hydraulic cement, a supplementary cementitious material, a cement retarder, and water.
The extended-life cement composition may be prepared according to any method disclosed herein
such that the extended-life cement composition has the property of being able to remain in a
pumpable fluid state for an extended period of time. The extended-life cement composition may
be stored, for example, in a vessel or other suitable container. The extended-life cement
composition may be permitted to remain in storage for a desired time period. For example, the
extended-life cement composition may remain in storage for a time period of about 1 day or longer.
For example, the extended-life cement composition may remain in storage for a time period of
about 1 day, about 2 days, about 5 days, about 7 days, about 10 days, about 20 days, about 30 days,
about 40 days, about 50 days, about 60 days, or longer. In some embodiments, the extended-life
cement composition may remain in storage for a time period in a range of from about 1 day to
about 7 days or longer. Thereafter, the extended-life cement composition may be activated, for
example, by addition of a cement set activator and subsequently introduced into a subterranean
formation, and allowed to set therein.

[0090] In primary cementing embodiments, for example, the extended-life cement
composition may be introduced into an annular space between a conduit located in a wellbore and
the walls of a wellbore (and/or a larger conduit in the wellbore), wherein the wellbore penetrates

the subterranean formation. The extended-life cement composition may be allowed to set in the
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annular space to form an annular sheath of hardened cement. The extended-life cement
composition may form a barrier that prevents the migration of fluids in the wellbore. The extended-
life cement composition may also, for example, support the conduit in the wellbore.

[0091] In remedial cementing embodiments, an extended-life cement composition may be
used, for example, in squeeze-cementing operations or in the placement of cement plugs. By way
of example, the extended-life composition may be placed in a wellbore to plug an opening (e.g., a
void or crack) in the formation, in a gravel pack, in the conduit, in the cement sheath, and/or
between the cement sheath and the conduit (e.g., a micro annulus).

[0092] An embodiment includes a method of cementing in a subterranean formation
comprising: providing a cement composition including hydraulic cement, a supplementary
cementitious material, a cement retarder, and water. The extended-life cement composition may
be prepared according to any method disclosed herein such that the extended-life cement
composition has the property of being able to remain in a pumpable fluid state for an extended
period of time. The extended-life cement composition may then be introduced into the
subterranean formation; and allowed set in the subterranean formation. The components of the
cement composition including the selection of components are described in more detail in
connection with the embodiments discussed above. The cement composition may be extended-life
as described in the embodiments discussed above. Cement set activators such as those described
previously may be used for activation of the cement composition.

[0093] The exemplary extended-life cement compositions disclosed herein may directly or
indirectly affect one or more components or pieces of equipment associated with the preparation,
delivery, recapture, recycling, reuse, and/or disposal of the disclosed extended-life cement
compositions. For example, the disclosed extended-life cement compositions may directly or
indirectly affect one or more mixers, related mixing equipment, mud pits, storage facilities or units,
composition separators, heat exchangers, sensors, gauges, pumps, compressors, and the like used
generate, store, monitor, regulate, and/or recondition the exemplary extended-life cement
compositions. The disclosed extended-life cement compositions may also directly or indirectly
affect any transport or delivery equipment used to convey the extended-life cement compositions
to a well site or downhole such as, for example, any transport vessels, conduits, pipelines, trucks,
tubulars, and/or pipes used to compositionally move the extended-life cement compositions from
one location to another, any pumps, compressors, or motors (e.g., topside or downhole) used to
drive the extended-life cement compositions into motion, any valves or related joints used to
regulate the pressure or flow rate of the extended-life cement compositions, and any sensors (i.e.,

pressure and temperature), gauges, and/or combinations thereof, and the like. The disclosed
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extended-life cement compositions may also directly or indirectly affect the various downhole
equipment and tools that may come into contact with the extended-life cement compositions such
as, but not limited to, wellbore casing, wellbore liner, completion string, insert strings, drill string,
coiled tubing, slick line, wireline, drill pipe, drill collars, mud motors, downhole motors and/or
pumps, cement pumps, surface-mounted motors and/or pumps, centralizers, turbolizers,
scratchers, floats (e.g., shoes, collars, valves, etc.), logging tools and related telemetry equipment,
actuators (e.g., electromechanical devices, hydro mechanical devices, etc.), sliding sleeves,
production sleeves, plugs, screens, filters, flow control devices (e.g., inflow control devices,
autonomous inflow control devices, outflow control devices, etc.), couplings (e.g., electro-
hydraulic wet connect, dry connect, inductive coupler, etc.), control lines (e.g., electrical, fiber
optic, hydraulic, etc.), surveillance lines, drill bits and reamers, sensors or distributed sensors,
downhole heat exchangers, valves and corresponding actuation devices, tool seals, packers,
cement plugs, bridge plugs, and other wellbore isolation devices, or components, and the like.

[0094] Accordingly, the present disclosure may provide methods, systems, and apparatus
that may relate to methods of designing extended life cement compositions. The methods, systems.
and apparatus may include any of the various features disclosed herein, including one or more of
the following statements.

[0095] Statement 1. A method of preparing a cement comprising: (a) defining engineering
parameters of a proposed cement slurry, wherein the engineering parameters comprise at least a
density requirement, a compressive strength requirement, and a storage time requirement; (b)
selecting at least a cement and mass fraction thereof, at least one supplementary cementitious
material and mass fraction thereof, and a water and mass fraction thereof, such that a cement slurry
formed from the cement, the at least one supplementary cementitious material, and the water meet
or exceed the density requirement; (c) calculating a compressive strength of the cement slurry; (d)
comparing the compressive strength of the cement slurry to the compressive strength requirement
and either repeating steps (b)-(d) if the compressive strength does not meet or exceed the
compressive strength requirement or performing step (e) if the compressive strength meets or
exceeds the compressive strength requirement; (e) calculating a storage time of the cement slurry;
(f) comparing the storage time to the storage time requirement and repeating steps (b)-(f) if the
storage time does not meet or exceed the storage time requirement, or performing step (g) if the
compressive strength meets or exceeds the required compressive strength; and (g) preparing the

cement slurry.
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[0096] Statement 2. The method of statement 1 wherein the cement is selected from the
group consisting of Portland cements, pozzolana cements, gypsum cements, high alumina content
cements, silica cements, and combinations thereof.

[0097] Statement 3. The method of any of statements 1-2 wherein the at least one
supplementary cementitious material is selected from the group consisting of fly ash, blast furnace
slag, silica fume, pozzolans, kiln dust, clays, and combinations thereof.

[0098] Statement 4. The method of any of statements 1-3 wherein the engineering
parameters further comprise wellbore temperature, a lime to silica ratio requirement, and wherein
the step of selecting a cement and mass fraction thereof and at least one supplementary
cementitious material and mass fraction thereof comprises: selecting a first cement based at least
in part on the wellbore temperature and a cement reactivity trend, wherein the cement reactivity
trend comprises a correlation of cement reactivity with temperature; selecting at least a first
supplementary cementitious material based at least in part on wellbore temperature, supplementary
cementitious material reactivity, temperature sensitivity of reactivity, and water requirement of
supplementary cementitious material; and calculating a silica content and a lime content for each
of the first cement and the at least the first supplementary cementitious material and determining
an additional amount of lime required to meet the lime to silica ratio requirement.

[0099] Statement 5. The method of any of statements 1-4 wherein the engineering
parameters further comprise temperature and wherein the step of calculating the compressive

strength comprises the following equation:

cS = CS water neX _Eeff,TT 1 _l
NS am;) P R \Tef T

where CSo is the compressive strength of a Portland cement at a desired temperature when

water

P—— 1, water is a mass fraction of water, ; is a constant that characterizes reactivity of

blend material i, mi is a mass fraction of component 1, n is a measure of sensitivity to change in
water content, E,¢r 77 1s an effective activation energy, R is the universal gas constant, Trf IS a
reference temperature where effective activation energy is measured or calculated at, and T is the
temperature.

[0100] Statement 6. The method of any of statements 1-5 wherein the engineering
parameters further comprise temperature and wherein the step of calculating the storage time of

the slurry comprises the following equation:
) water\" Eerrvcaf 1 1
Storage Time = ST, <blend> Z ixiﬁi exp (—% Tef -7
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where the material constant STo is the storage time of pure Portland cement at a desired

water water . .
=1, is a ratio of masses of water to cement and the at least one
Portland blend

temperature when

supplementary cementitious material, n is a measure of sensitivity to change in water content, Xi
is a mass fraction of component i, §5; is a constant which characterizes a reactivity of component i,
Eerruca 1s an effective activation energy, R is the universal gas constant, Trr is a reference
temperature where effective activation energy is measured or calculated at, and T is temperature.

[0101] Statement 7. The method of any of statements 1-6 wherein step (f) further
comprises selecting a cement retarder if the storage time requirement does not meet or exceed the
storage time requirement, the selecting a cement retarder comprising: (1) selecting at least a cement
retarder and mass fraction thereof; (2) calculating a storage time of a cement slurry comprising the
cement and mass fraction thereof, the at least one supplementary cementitious material and mass
fraction thereof, the water and mass fraction thereof, and the cement retarder and mass fraction
thereof;, (3) comparing the storage time to the storage time requirement and repeating steps (1)-(3)
if the storage time does not meet or exceed the storage time requirement.

[0102] Statement 8. The method of any of statements 1-7 wherein the engineering
parameters further comprises a thickening time requirement and wherein the method further
comprising selecting an activator, the selecting an activator comprising: (1) calculating a
thickening time of the cement slurry; (2) comparing the thickening time requirement to the
calculated thickening time and selecting an activator and mass fraction thereof if the calculated
thickening time is greater than the required thickening time; (3) calculating a thickening time of a
cement slurry comprising the cement and mass fraction thereof, the at least one supplementary
cementitious material and mass fraction thereof, the water and mass fraction thereof, and the
accelerator and mass fraction thereof; (4) comparing the second thickening time to the thickening
time requirement and repeating steps (2)-(4) if the thickening time does not meet or exceed the
thickening time requirement.

[0103] Statement 9. The method of statement 8 wherein the step of calculating the

thickening time of the cement slurry comprises the following equation:

Thickening Ti TT (Wam)nZ B
cKkenin ime = Xibj
g °\blend YR

water

where TTo is the thickening time of pure Portland cement at a desired temperature when T =

1 4T is a ratio of masses of water to cement and the at least one supplementary cementitious

blend

material, n is a measure of sensitivity to change in water content, Xi is a mass fraction of component

1, B; 1s a constant which characterizes a reactivity of component i.
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[0104] Statement 10. A method comprising: defining engineering parameter of a proposed
cement slurry, the engineering parameters comprising at least a compressive strength requirement,
a density requirement, a storage time requirement, and a thickening time requirement; selecting,
based at least in part on a model of compressive strength, a model of storage time, and the density
requirement, at least a cement and mass fraction thereof, at least one supplementary cementitious
material and mass fraction thereof, and a water and mass fraction thereof, such that a set cement
formed from the cement, the at least one supplementary cementitious material, and the water meets
or exceeds the compressive strength requirement and the density requirement; selecting, based at
least in part on a model of thickening time, an accelerator and mass fraction thereof; and preparing
a cement slurry comprising the cement and mass fraction thereof, the at least one supplementary
cementitious material and mass fraction thereof, the water and mass fraction thereof, and the
cement retarder and mass fraction thereof.

[0105] Statement 11. The method of statement 10 wherein the cement is selected from the
group consisting of Portland cements, pozzolana cements, gypsum cements, high alumina content
cements, silica cements, and combinations thereof.

[0106] Statement 12. The method of any of statements 10-11 wherein the at least one
supplementary cementitious material is selected from the group consisting of fly ash, blast furnace
slag, silica fume, pozzolans, kiln dust, clays, and combinations thereof.

[0107] Statement 13. The method of any of statements 10-12 wherein the engineering
parameters further comprise temperature and wherein the model of compressive strength

comprises the following equation:

cs— oo (weter \' f Bepprr( 11
NS am;) P R \Trey T

where CSo is the compressive strength of a Portland cement at a desired temperature when

water

T = 1, water is a mass fraction of water, ; is a constant that characterizes reactivity of

blend material i, mi is a mass fraction of component 1, n is a measure of sensitivity to change in
water content, E,¢r 77 1s an effective activation energy, R is the universal gas constant, Trf IS a
reference temperature where effective activation energy is measured or calculated at, and T is the
temperature.

[0108] Statement 14. The method of statement 13 wherein the selecting at least a cement
and mass fraction thereof, at least one supplementary cementitious material and mass fraction
thereof, and a water and mass fraction thereof, comprises (a) selecting at least a cement and mass
fraction thereof, at least one supplementary cementitious material and mass fraction thereof, and
a water and mass fraction thereof; (b) calculating a compressive strength of a cement slurry
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comprising the cement and mass fraction thereof, the at least one supplementary cementitious
material and mass fraction thereof, and the water and mass fraction thereof using the model of
compressive strength; and (¢) comparing the compressive strength of the cement slurry to the
compressive strength requirement and repeating steps (a)-(c) if the compressive strength does not
meet or exceed the required compressive strength, wherein the step of selecting comprises
selecting disparate mass fractions and/or different chemical identities for the cement and/or the
supplementary cementitious material.

[0109] Statement 15. The method of statement 14 wherein the engineering parameters

further comprise temperature and wherein a model of storage time comprises the following

water\™ E 1 1
storage Time = STo (7o) D xifi exp (_% <T_f - T))
4 re

where the material constant STo is the storage time of pure Portland cement at a desired

equation:

water water . .
=1, is a ratio of masses of water to cement and the at least one
Portland blend

temperature when

supplementary cementitious material, n is a measure of sensitivity to change in water content, Xi
is a mass fraction of component i, f; is a constant which characterizes a reactivity of component i,
Eerruca 1s an effective activation energy, R is the universal gas constant, Trr is a reference
temperature where effective activation energy is measured or calculated at, and T is temperature.

[0110] Statement 16. The method of statement 15 wherein the selecting at least a cement
and mass fraction thereof, at least one supplementary cementitious material and mass fraction
thereof, and a water and mass fraction thereof, further comprises: (d) calculating a storage time of
a cement slurry comprising the cement and mass fraction thereof, the at least one supplementary
cementitious material and mass fraction thereof, and the water and mass fraction thereof using the
model of storage time; and (e) comparing the storage time of the cement slurry to the storage time
requirement and repeating steps (a)-(e) if the compressive strength does not meet or exceed the
storage time requirement.

[0111] Statement 17. The method of statement 16 further comprising selecting at least a
cement retarder and mass fraction thereof, the method further comprising: (f) selecting at least a
cement retarder and mass fraction thereof, (g) calculating a storage time of a cement slurry
comprising the cement and mass fraction thereof, the at least one supplementary cementitious
material and mass fraction thereof, the water and mass fraction thereof, and the cement retarder
and mass fraction thereof using the model of storage time; and (h) comparing the storage time of
the cement slurry to the storage time requirement and performing steps (f)-(h) if the compressive
strength does not meet or exceed the storage time requirement.
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[0112] Statement 18. The method of statement 17 wherein the engineering parameters
further comprise a thickening time requirement and the model of thickening time comprises the

following equation:

Thickening Ti TT (Wam)n Z B
ickening Time = X B
g \blend P
where TTo is the thickening time of pure Portland cement at a desired temperature when % =
water

blend

1 is a ratio of masses of water to cement and the at least one supplementary cementitious

material, nis a measure of sensitivity to change in water content, xi is a mass fraction of component
1, B; is a constant which characterizes a reactivity of component 1.

[0113] Statement 19. The method of statement 18 wherein the selecting an accelerator and
mass fraction thereof comprises: (i) selecting an accelerator and mass fraction thereof, (j)
calculating a storage time of a cement slurry comprising the cement and mass fraction thereof, the
at least one supplementary cementitious material and mass fraction thereof, the water and mass
fraction thereof, the cement retarder and mass fraction thereof, and the accelerator and mass
fraction thereof using the model of thickening time; and (k) comparing the thickening time of the
cement slurry to the thickening time requirement and performing steps (i)-(k) if the compressive
strength does not meet or exceed the required compressive strength, wherein the step of selecting
comprises selecting disparate mass fractions and/or different chemical identities for the cement
and/or the supplementary cementitious material.

[0114] Statement 20. The method of statement 19 further comprising: preparing a
pumpable cement slurry comprising the cement and mass fraction thereof, the at least one
supplementary cementitious material and mass fraction thereof, the water and mass fraction
thereof, and the cement retarder and mass fraction thereof; storing the pumpable cement slurry for
a period of time less than or equal to the required storage time; mixing the pumpable cement slurry
with the accelerator in a mass fraction selected in step (j); and introducing the pumpable cement
slurry into a wellbore.

[0115] Tt should be understood that the compositions and methods are described in terms

2% <<

of “comprising,” “containing,” or “including” various components or steps, the compositions and
methods can also “consist essentially of” or “consist of” the various components and steps.
Moreover, the indefinite articles “a” or “an,” as used in the claims, are defined herein to mean one
or more than one of the element that it introduces.

[0116] For the sake of brevity, only certain ranges are explicitly disclosed herein.
However, ranges from any lower limit may be combined with any upper limit to recite a range not

explicitly recited, as well as, ranges from any lower limit may be combined with any other lower
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limit to recite a range not explicitly recited, in the same way, ranges from any upper limit may be
combined with any other upper limit to recite a range not explicitly recited. Additionally, whenever
anumerical range with a lower limit and an upper limit is disclosed, any number and any included
range falling within the range are specifically disclosed. In particular, every range of values (of
the form, “from about a to about b,” or, equivalently, “from approximately ato b,” or, equivalently,
“from approximately a-b”) disclosed herein is to be understood to set forth every number and range
encompassed within the broader range of values even if not explicitly recited. Thus, every point
or individual value may serve as its own lower or upper limit combined with any other point or
individual value or any other lower or upper limit, to recite a range not explicitly recited.

[0117] Therefore, the present embodiments are well adapted to attain the ends and
advantages mentioned as well as those that are inherent therein. The particular embodiments
disclosed above are illustrative only, as the present embodiments may be modified and practiced
in different but equivalent manners. Although individual embodiments are discussed, all
combinations of each embodiment are contemplated and covered by the disclosure. Furthermore,
no limitations are intended to the details of construction or design herein shown, other than as
described in the claims below. Also, the terms in the claims have their plain, ordinary meaning
unless otherwise explicitly and clearly defined by the patentee. It is therefore evident that the
particular illustrative embodiments disclosed above may be altered or modified and all such
variations are considered within the scope and spirit of the present disclosure. If there is any
conflict in the usages of a word or term in this specification and one or more patent(s) or other
documents that may be incorporated herein by reference, the definitions that are consistent with

this specification should be adopted.
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CLAIMS

What is claimed is:
1. A method of preparing a cement comprising:

(a) defining engineering parameters of a proposed cement slurry, wherein the engineering
parameters comprise at least a density requirement, a compressive strength requirement, and a
storage time requirement;

(b) selecting at least a cement and mass fraction thereof, at least one supplementary
cementitious material and mass fraction thereof, and a water and mass fraction thereof, such that
a cement slurry formed from the cement, the at least one supplementary cementitious material, and
the water meet or exceed the density requirement;

(c) calculating a compressive strength of the cement slurry;

(d) comparing the compressive strength of the cement slurry to the compressive strength
requirement and either repeating steps (b)-(d) if the compressive strength does not meet or exceed
the compressive strength requirement or performing step (e) if the compressive strength meets or
exceeds the compressive strength requirement;

(e) calculating a storage time of the cement slurry;

(f) comparing the storage time to the storage time requirement and repeating steps (b)-(f)
if the storage time does not meet or exceed the storage time requirement, or performing step (g) if
the compressive strength meets or exceeds the required compressive strength; and

(g) preparing the cement slurry.

2. The method of claim 1 wherein the cement is selected from the group consisting of Portland
cements, pozzolana cements, gypsum cements, high alumina content cements, silica cements, and
combinations thereof.

3. The method of claim 1 wherein the at least one supplementary cementitious material is selected
from the group consisting of fly ash, blast furnace slag, silica fume, pozzolans, kiln dust, clays,
and combinations thereof.

4. The method of claim 1 wherein the engineering parameters further comprise wellbore
temperature, a lime to silica ratio requirement, and wherein the step of selecting a cement and mass
fraction thereof and at least one supplementary cementitious material and mass fraction thereof
comprises:

selecting a first cement based at least in part on the wellbore temperature and a cement
reactivity trend, wherein the cement reactivity trend comprises a correlation of cement reactivity

with temperature;
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selecting at least a first supplementary cementitious material based at least in part on
wellbore temperature, supplementary cementitious material reactivity, temperature sensitivity of
reactivity, and water requirement of supplementary cementitious material; and

calculating a silica content and a lime content for each of the first cement and the at least
the first supplementary cementitious material and determining an additional amount of lime
required to meet the lime to silica ratio requirement.
5. The method of claim 1 wherein the engineering parameters further comprise temperature and

wherein the step of calculating the compressive strength comprises the following equation:

n
water EeffTT 1 1
€S = €Sy —m — S CL N
0<Zi0¢imi> eXp( R \Tpy T

where CSo is the compressive strength of a Portland cement at a desired temperature when

water

T = 1, water is a mass fraction of water, ; is a constant that characterizes reactivity of

blend material i, mi is a mass fraction of component 1, n is a measure of sensitivity to change in
water content, E.rr rr is an effective activation energy, R is the universal gas constant, Trf is a
reference temperature where effective activation energy is measured or calculated at, and T is the
temperature.

6. The method of claim 1 wherein the engineering parameters further comprise temperature and

wherein the step of calculating the storage time of the slurry comprises the following equation:

water\" Eeff UCA 1 1
St Time = STy |——— Z Bi —— =
orage Time 0 ( blon d) ixlﬁl exp( R Ty T

where the material constant STo is the storage time of pure Portland cement at a desired

water water . .
=1, is a ratio of masses of water to cement and the at least one
Portland blend

temperature when

supplementary cementitious material, n is a measure of sensitivity to change in water content, Xi
1s a mass fraction of component i, f; is a constant which characterizes a reactivity of component i,
Eerruca 1s an effective activation energy, R is the universal gas constant, Trer is a reference
temperature where effective activation energy is measured or calculated at, and T is temperature.
7. The method of claim 1 wherein step (f) further comprises selecting a cement retarder if the
storage time requirement does not meet or exceed the storage time requirement, the selecting a
cement retarder comprising:

(1) selecting at least a cement retarder and mass fraction thereof’

(2) calculating a storage time of a cement slurry comprising the cement and mass fraction
thereof, the at least one supplementary cementitious material and mass fraction thereof, the water

and mass fraction thereof, and the cement retarder and mass fraction thereof,
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(3) comparing the storage time to the storage time requirement and repeating steps (1)-(3)
if the storage time does not meet or exceed the storage time requirement.

8. The method of claim 1 wherein the engineering parameters further comprises a thickening time
requirement and wherein the method further comprising selecting an activator, the selecting an
activator comprising:

(1) calculating a thickening time of the cement slurry;

(2) comparing the thickening time requirement to the calculated thickening time and
selecting an activator and mass fraction thereof if the calculated thickening time is greater than the
required thickening time;

(3) calculating a thickening time of a cement slurry comprising the cement and mass
fraction thereof, the at least one supplementary cementitious material and mass fraction thereof,
the water and mass fraction thereof, and the accelerator and mass fraction thereof;

(4) comparing the second thickening time to the thickening time requirement and repeating
steps (2)-(4) if the thickening time does not meet or exceed the thickening time requirement.

9. The method of claim 8 wherein the step of calculating the thickening time of the cement slurry

comprises the following equation:

Thickening Ti TT (Wam)nz B
wcKkenin mme = -_— Xipi
g °\blend ;P

water

where TTo is the thickening time of pure Portland cement at a desired temperature when T — =

wate

1 " is a ratio of masses of water to cement and the at least one supplementary cementitious

blend

material, nis a measure of sensitivity to change in water content, xi is a mass fraction of component
1, B; 1s a constant which characterizes a reactivity of component i.
10. A method comprising:

defining engineering parameter of a proposed cement slurry, the engineering parameters
comprising at least a compressive strength requirement, a density requirement, a storage time
requirement, and a thickening time requirement;

selecting, based at least in part on a model of compressive strength, a model of storage
time, and the density requirement, at least a cement and mass fraction thereof, at least one
supplementary cementitious material and mass fraction thereof, and a water and mass fraction
thereof, such that a set cement formed from the cement, the at least one supplementary
cementitious material, and the water meets or exceeds the compressive strength requirement and
the density requirement;

selecting, based at least in part on a model of thickening time, an accelerator and mass

fraction thereof; and
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preparing a cement slurry comprising the cement and mass fraction thereof, the at least one
supplementary cementitious material and mass fraction thereof, the water and mass fraction
thereof, and the cement retarder and mass fraction thereof.
11. The method of claim 10 wherein the cement is selected from the group consisting of Portland
cements, pozzolana cements, gypsum cements, high alumina content cements, silica cements, and
combinations thereof.
12. The method of claim 10 wherein the at least one supplementary cementitious material is
selected from the group consisting of fly ash, blast furnace slag, silica fume, pozzolans, kiln dust,
clays, and combinations thereof.
13. The method of claim 10 wherein the engineering parameters further comprise temperature and

wherein the model of compressive strength comprises the following equation:

n
water EeffTT 1 1
CS = CSy| — S PEL
O<Z i“ﬂ””i) exp( R Tref T

where CSo is the compressive strength of a Portland cement at a desired temperature when

water

T — = 1, water is a mass fraction of water, ; is a constant that characterizes reactivity of

blend material 1, mi is a mass fraction of component i, n is a measure of sensitivity to change in
water content, E,¢r 77 1s an effective activation energy, R is the universal gas constant, Trf IS a
reference temperature where effective activation energy is measured or calculated at, and T is the
temperature.

14. The method of claim 13 wherein the selecting at least a cement and mass fraction thereof, at
least one supplementary cementitious material and mass fraction thereof, and a water and mass
fraction thereof, comprises:

(a) selecting at least a cement and mass fraction thereof, at least one supplementary
cementitious material and mass fraction thereof, and a water and mass fraction thereof,

(b) calculating a compressive strength of a cement slurry comprising the cement and mass
fraction thereof, the at least one supplementary cementitious material and mass fraction thereof,
and the water and mass fraction thereof using the model of compressive strength; and

(c) comparing the compressive strength of the cement slurry to the compressive strength
requirement and repeating steps (a)-(c) if the compressive strength does not meet or exceed the
required compressive strength, wherein the step of selecting comprises selecting disparate mass
fractions and/or different chemical identities for the cement and/or the supplementary cementitious
material.

15. The method of claim 14 wherein the engineering parameters further comprise temperature and
wherein a model of storage time comprises the following equation:
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water\" Eeff UCA 1 1
St Time = ST, Z By exp| ——LLveA( _— _ _
orage Time 0 ( blon d) ixlﬁl exp ( R T T

where the material constant STo is the storage time of pure Portland cement at a desired

water water . .
=1, is a ratio of masses of water to cement and the at least one
Portland blend

temperature when

supplementary cementitious material, n is a measure of sensitivity to change in water content, Xi
is a mass fraction of component i, f; is a constant which characterizes a reactivity of component i,
Eerruca 18 an effective activation energy, R is the universal gas constant, Trr is a reference
temperature where effective activation energy is measured or calculated at, and T is temperature.
16. The method of claim 15 wherein the selecting at least a cement and mass fraction thereof, at
least one supplementary cementitious material and mass fraction thereof, and a water and mass
fraction thereof, further comprises:

(d) calculating a storage time of a cement slurry comprising the cement and mass fraction
thereof, the at least one supplementary cementitious material and mass fraction thereof, and the
water and mass fraction thereof using the model of storage time; and

(e) comparing the storage time of the cement slurry to the storage time requirement and
repeating steps (a)-(e) if the compressive strength does not meet or exceed the storage time
requirement.

17. The method of claim 16 further comprising selecting at least a cement retarder and mass
fraction thereof, the method further comprising:

(f) selecting at least a cement retarder and mass fraction thereof;

(g) calculating a storage time of a cement slurry comprising the cement and mass fraction
thereof, the at least one supplementary cementitious material and mass fraction thereof, the water
and mass fraction thereof, and the cement retarder and mass fraction thereof using the model of
storage time; and

(h) comparing the storage time of the cement slurry to the storage time requirement and
performing steps (f)-(h) if the compressive strength does not meet or exceed the storage time
requirement.

18. The method of claim 17 wherein the engineering parameters further comprise a thickening

time requirement and the model of thickening time comprises the following equation:

Thickening Ti TT (Wam)nz B
wcKkenin mme = X;iD;
g °\blend R

where TTo is the thickening time of pure Portland cement at a desired temperature when

water water
Portland blend

is a ratio of masses of water to cement and the at least one supplementary
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cementitious material, n is a measure of sensitivity to change in water content, xi is a mass fraction
of component i, 5; is a constant which characterizes a reactivity of component i.

19. The method of claim 18 wherein the selecting an accelerator and mass fraction thereof
comprises:

(1) selecting an accelerator and mass fraction thereof;

(j) calculating a storage time of a cement slurry comprising the cement and mass fraction
thereof, the at least one supplementary cementitious material and mass fraction thereof, the water
and mass fraction thereof, the cement retarder and mass fraction thereof, and the accelerator and
mass fraction thereof using the model of thickening time; and

(k) comparing the thickening time of the cement slurry to the thickening time requirement
and performing steps (i)-(k) if the compressive strength does not meet or exceed the required
compressive strength, wherein the step of selecting comprises selecting disparate mass fractions
and/or different chemical identities for the cement and/or the supplementary cementitious material.
20. The method of claim 19 further comprising:

preparing a pumpable cement slurry comprising the cement and mass fraction thereof, the
at least one supplementary cementitious material and mass fraction thereof, the water and mass
fraction thereof, and the cement retarder and mass fraction thereof;

storing the pumpable cement slurry for a period of time less than or equal to the required
storage time;

mixing the pumpable cement slurry with the accelerator in a mass fraction selected in step
(j); and

introducing the pumpable cement slurry into a wellbore.
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