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(57) Abstract: A computer simulator predicts the performance of neat Portland cement systems, or Portland cement systems contain -
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CEMENT BLEND COMPOSITIONS

BACKGROUND

[0001] The statements in this section merely provide background information
related to the present disclosure and may not constitute prior art.

[0002] This disclosure relates to methods for optimizing the performance of
Portland cement blends that contain supplementary cementing materials.

[0003] During the past thirty years the use of by-product materials in concrete
and well cement systems, either as components of blended cements or as additives, has
increased significantly. One advantage offered by blended cements is the possibility of
using less clinker to produce a given amount of cement, thereby reducing energy
consumption and CO, emissions.

[0004] The additives employed to manufacture blended cements are generally
known in the industry as supplementary cementing materials (SCM). SCMs may
comprise (but would not be limited to) limestone, fly ash, blast furnace slag, silica and
natural pozzolans such as diatomaceous carth.

[0005] Incorporation of SCMs affects the cement-slurry and set-cement
properties in different manners. Since the absolute densities of SCMs are typically lower
than that of Portland cement, their incorporation in cement blends affects the rheological
properties of the slurry owing to the higher solids content required to achieve a given
slurry density. In addition, the particle size distributions of SCMs may differ significantly
from that of Portland cement, thereby changing the packing volume fraction and further
affecting the rheological properties.

[0006] The higher solids content also affects the compressive strength of the
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set cement. The pozzolanic and/or hydraulic activity of the SCMs alters the hardened
cement matrix structure, increases the compressive strength and decreases the open
porosity.

[0007] In the concrete industry, these effects are predictable and controllable,
mainly because concrete applications fall within a relatively narrow service-condition
window. In other words, most applications take place at atmospheric pressure and at
temperatures encountered at the surface. Therefore, blended cements prepared by cement
manufacturers may be used with confidence. The construction industry has developed
several methods for evaluating the reactivity of SCMs and predict their behavior in a
cement blend.

[0008] The Chapelle method evaluates the pozzolanic reactivity of an SCM.
An aqueous suspension of the SCM and lime is cured at a defined temperature for a
defined duration. The amount of lime consumed by the pozzolan is measured (mg CaO/g
pozzolan). The higher the result, the higher the pozzolanic activity. The main limitations
of this test are: (i) it only quantifies the pozzolanic activity (not the hydraulic activity) of
the SCM; and (ii) it does not reflect the actual performance of the SCM in concrete.

[0009] A second measurement that is used by the construction industry is the
pozzolanic index—defined as the compressive-strength ratio between a Portland
cement/SCM system and a neat Portland cement system of comparable consistency. It
may be measured at various curing durations—7, 28 and 90 days being the most
common. The principal limitations of this method are: (i) it cannot be used to predict the
behavior of the considered SCM; and (ii) it cannot be applied to compare the reactivity of

different types of SCMs at various water-to-cement ratios.
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[0010] A third measurement, the efficiency factor £ of an SCM has been
introduced. It is defined as the number of parts of cement in a concrete mixture that could
be replaced by one part of SCM without changing the property being investigated.
Compressive strength is the most common property under consideration. The efficiency
factor may be determined experimentally by determining a cement/SCM  blend
composition whose performance is the same as a reference necat-cement system.
However, this approach is time consuming and is therefore not applicable at an industrial
scale.

[0011] To determine the efficiency factor related to compressive strength,
people of the art have developed a faster experimental approach, based on Bolomey's or
Abrams' strength relationship. This approach requires the determination of the
compressive strength of the reference neat-cement system and the cement/SCM system at
the desired curing duration and temperature. For application in the construction industry,
the efficiency factor is usually determined after 28 days curing at ambient temperature.

[0012] Unfortunately, at shorter curing durations, this method is not
applicable. For example in a 1900-kg/m’ slurry composed of 60 wt% Class G + 40 wt%
fly ash and cured at 50°C, the efficiency factor of the fly ash is equal to 0.7 after 8 hours,
decreases to 0.4 after 3 days, and then starts increasing after 7 days.

[0013]  In the well cementing industry, the early compressive strength (usually
24 hours) is a critical value for meeting regulatory requirements, resuming well
construction operations, etc. Thus, the efficiency factor cannot be used for short curing
durations.

[0014] The service conditions associated with well cementing also encompass
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a much wider range of temperature and pressure conditions encountered in subterranean
wells. The larger service-condition window increases the difficulty of predicting how a
given blend of Portland cement and SCMs will behave. The incorporation of other
cement additives such as accelerators, retarders, fluid-loss additive, dispersants, etc.
further increases the complexity. Consequently, extensive performance testing in the
laboratory is frequently required to optimize a cement slurry containing SCMs for a

particular well cementing application.

SUMMARY

[0015] Methods for predicting short-term cement-system performance over a
wide temperature and pressure range, thereby reducing the amount of testing necessary to
optimize such systems for a given cementing application, would be welcome in the
industry.

[0016] In an aspect, embodiments relate to methods for optimizing the
performance of cement slurries. The slurries comprise a blend of water and Portland
cement. An optimal cement slurry performance range is defined. The slurry performance
may comprise compressive strength, permeability, slurry density, carbon footprint or cost
and combination thereof. One or more cement-parameter values are determined, said
cement parameter comprising a cement-blend composition, a Bogue composition of the
Portland cement, a Blaine surface area of the Portland cement, an absolute density of the
Portland cement, a curing-temperature profile and a curing-pressure profile. The cement-
parameter values are used to predict the cement slurry performance, and it is then

determined whether the predicted cement slurry performance is within the optimal range.
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[0017] In a further aspect, embodiments relate to methods for cementing a
subterranean well with a cement slurry. The slurry comprises a blend of water and
Portland cement. An optimal cement slurry performance range is defined. The slurry
performance may comprise compressive strength, permeability, slurry density, carbon
footprint or cost and combination thereof. One or more cement-parameter values are
determined, said cement parameter comprising a cement-blend composition, a Bogue
composition of the Portland cement, a Blaine surface area of the Portland cement, an
absolute density of the Portland cement, a curing-temperature profile and a curing-
pressure profile. The cement-parameter values are used to predict the cement slurry
performance, and it is then determined whether the predicted cement slurry performance
is within the optimal range. If the predicted performance is within the optimal range, the
cement composition is placed in the well.

BRIEF DESCRIPTION OF THE DRAWINGS

[0018] Figure 1 presents a flow chart of the disclosed methods.

[0019] Figure 2 presents a compressive-strength comparison between a neat
Class G cement system, a Class G/fly ash system and a Class G/slag system, measured
with a UCA.

[0020] Figure 3 presents a comparison between compressive strength
development predicted by the simulator and that measured by a UCA.

[0021] Figure 4 presents a series of iso-compressive strength curves generated

by the simulator for various blends of Class G cement and fly ash.
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DETAILED DESCRIPTION

[0022] At the outset, it should be noted that in the development of any such
actual embodiment, numerous implementation—specific decisions must be made to
achieve the developer's specific goals, such as compliance with system related and
business related constraints, which will vary from one implementation to another.
Moreover, it will be appreciated that such a development effort might be complex and
time consuming but would nevertheless be a routine undertaking for those of ordinary
skill in the art having the benefit of this disclosure. In addition, the composition
used/disclosed herein can also comprise some components other than those cited. In the
summary and this detailed description, each numerical value should be read once as
modified by the term "about" (unless already expressly so modified), and then read again
as not so modified unless otherwise indicated in context. Also, in the summary and this
detailed description, it should be understood that a concentration range listed or described
as being useful, suitable, or the like, is intended that any and every concentration within
the range, including the end points, is to be considered as having been stated. For
example, “a range of from 1 to 10” is to be read as indicating each and every possible
number along the continuum between about 1 and about 10. Thus, even if specific data
points within the range, or even no data points within the range, are explicitly identified
or refer to only a few specific, it is to be understood that inventors appreciate and
understand that any and all data points within the range are to be considered to have been
specified, and that inventors possessed knowledge of the entire range and all points
within the range.

[0023] In well cementing, the properties of the cement slurry and the set
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cement must be adjusted depending on the well characteristics and cementing operations.
Among these properties, the slurry density must be within a range satisfying the well
design, formation properties and cementing conditions. The compressive strength of the
hardened cement also must meet minimal values to satisfy regulatory and operator
requirements, and to resume wellbore operations such as continued drilling or
perforating. As discussed earlier, compressive-strength measurements at short curing
durations are important parameters, and methods employed by the construction industry
to predict compressive strength are not generally applicable.

[0024] The present disclosure proposes prediction methods for adjusting
cement blend compositions, thereby providing systems with desired properties. The
cement blend may comprise water and Portland cement. The blend may further comprise
at least one SCM. The SCM may be reactive or non-reactive. The methods may also be
used to predict the permeability of the set cement, and calculate the cost of the blend and
slurry and the carbon footprint of the cement system.

[0025] The cement blend contains API Portland cements (e.g., Class A, B, C,
G or H) or construction grade Portland cements in a concentration ranging from 20% to
100% by weight of blend (BWOB). The blend may incorporate more than one type of
cement. The prediction methods require one to input the absolute densities, the Bogue
compositions and Blaine surface areas for each cement, as well as the blend composition.

[0026] The cement blend may contain one or more non-reactive materials, in
a concentration up to 80% BWOB. The input data for the prediction methods include the
absolute densities and the amounts of each material.

[0027] The cement blend may also incorporate one or more SCMs. More
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preferably, the SCMs may be mixed with the cement. Among them, the most commonly
used materials may be ASTM Class F and Class C fly ashes, granulated or pelletized
blast furnace slags, natural pozzolanic materials such as volcanic ashes and diatomaceous
earth, and amorphous silica. When mixed with a Portland cement slurry, the SCMs begin
to react and form additional C-S-H phase, which increases the compressive strength and
reduces the porosity of the hardened cement. The total concentration of SCMs in the
cement blend may be up to 80% by weight of blend. Input data for the prediction
methods include the absolute densities, the Chemical Activity Indices (CAI) and the
amount of each SCM in the blend.

[0028] The CAI expressed in percent, may be calculated by the following
formula:

100 x (CSr — CSnr)
CSnr (Eq. 1)

CAIl =

where CSr is the compressive strength of the cement based slurry, and CSnr is the
compressive strength of the cement based slurry at the same curing duration and
temperature, but the SCM being considered as non-reactive particles. The CAI, which
quantifies the chemical reactivity of the SCM in the blend at a given curing duration and
temperature, can be cither simulated or determined experimentally from compressive
strength measurements.

[0029] The methods also require the composition of the cement slurry
(including the water content) and parameters such as the curing temperature and pressure.
The slurry density may vary from 960 to 2640 kg/m’ (8 to 22 Ibm/gal). The curing
temperature may vary from 4° to 110°C. The curing pressure may vary from 0.1 to 140

MPa. The cement slurry may also be foamed. Additional optional input data include the
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costs and the carbon footprints for each material.

[0030] As known by those skilled in the art, the cement slurry may also
contain additives such as (but not limited to) accelerators, retarders, dispersants, fluid-
loss additives, gas-migration additives, gas-generating agents, expanding agents,
surfactants and antifoam additives.

[0031] The methods may predict compressive strength by calculating the
gel/space ratio in the cement slurry, by employing Balshin's expression, or both.

[0032] The gel/space ratio prediction comprises determining the volumes of
unreacted water and cement, and the volumes of the reaction products which may be
hydrates. Their phase distribution in cement slurries is based on measuring the
chemically bound (non-evaporable) water, physically bound water (gel water), capillary
water (free water) and shrinkage at different degrees of hydration. The relationship
between these parameters may be described in the following equations.

[0033]  Shrinkage:

V. =p, 641" -(1— Po)

(Eq.2A)
[0034]  Capillary Water:

Vo=p—(p./p,)(0.1940.23)-(1-p,)-o (Eq. 2B)
[0035]  Gel Water:

V.. =(p./p,)0.19-(1-p,)-a (Eq. 2C)
[0036]  Gel Solid:

V,=[1-p,-641"+(p./p,)-023]-(1-p, )0 (Eq. 2D)

[0037] Unhydrated Cement:
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Ve=(1-p,)-(1-a) (Eq. 2E)
[0038] Volume Balance:

VS+VCW+VgW+VgS+VuS:1 (quF)

where p. = cement density (g/cm’); p,, = water density (g/cm’); py = initial porosity (%);
and a = degree of hydration. All volumes are expressed in volume fraction.

[0039] The reaction products formed during cement hydration have a lower
volume than the initial reactants (cement and water). The volume reduction is called
chemical shrinkage and may be approximately 6.41 mL/100 g reacted cement (Eq. 2A).

[0040] The volume ofthe hydrated cement occupies approximately 2.06 times
the volume of the unreacted cement. Two different types of water may be distinguished
in this gel: the chemically bound water, which is an integral part of the gel solid and
corresponds to approximately 0.23 g/g reacted cement; and the physically bound water
adsorbed at the surface, which corresponds to approximately 0.19 g/g reacted cement.
Consequently, this gel has a porosity of approximately 28%. In addition, the sum of the
reacted water (0.19 + 0.23 = 0.42) corresponds to the minimum water-to-cement ratio
required to obtain full cement hydration (Eqgs. 2C and 2D). The remaining water is called
capillary water or free water, and is accessible for cement hydration. It may be partially
dried, leaving empty pores (Eq. 2B). The unhydrated cement volume falls as hydration
progresses. It is limited by the amount of water available (in sealed systems) or by space
available for hydration.

[0041]  Rather than relating strength to the water-to-cement ratio, strength may
also be related to the concentration of solid hydration products in the available space. As

mentioned above, the volume of the solid hydration products is 2.06 times the volume of

10
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the unreacted cement. The space available for the products is composed of the initial
water volume and the volume liberated by the hydrated cement. The gel/space ratio » may
therefore be calculated as shown in Eq. 3.

2.06-V. -0
p=——

I/; -0l +&
c (Eq. 3)

where ¢ = cement mass; ¥, = specific volume of cement (cm’/g); wy = initial mix water
volume; and a = fraction of cement that has hydrated. It has been experimentally
determined that the compressive strength is approximately proportional to the cube of the
gel/space ratio.

[0042] Another empirical porosity-based model to describe the strength S of

porous materials is the Balshin expression (Eq. 4).

B
§=5,-(1-p) (Eq. 4)
with S=0atp>pcg; and

2.35

By —
(q _ O 19)0.45

1

In these expressions, p is the porosity of the cement slurry; pcr is the critical porosity;
and ¢ is the relative degree of hydration. An Sy value of approximately 450 MPa is
assumed, and corresponds to the zero-porosity strength extrapolated from experimental
results on low water-to-cement ratio cement slurries.

[0043] The Balshin expression requires the porosity as an input, which
depends on the degree of cement hydration a. The porosity may be calculated from Egs.
2A-2E. Therefore, the use of the Balshin expression requires only the knowledge of a as

input data.

11
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[0044] The degree of cement hydration, «, may be estimated by applying a
hydration kinetics model that is based on the thermodynamics of multiphase porous
media, of which Portland cement is an example. The model relies on parameters that are
known to influence cement hydration.

* The chemical composition of the cement. This may be the most important

influencing factor. It is known that cach clinker phase (CsS, C,S, C3A and C4AF)

have different reaction rates. The amounts of each clinker phase in a cement may
be estimated by entering the cement oxide composition into the Bogue equations.

The degree of hydration, a, calculated by the model is an overall estimate taking

all of the clinker phases into account.

* The water-to-cement ratio. Experimental results have shown that the higher

water-to-cement ratios do not significantly affect early cement hydration, but do

lead to faster hydration rates at longer hydration times. The water-to-cement ratio

also influences the ultimate degree of hydration, a,,.

* The fineness of the cement. Finer grind cements have larger surface areas,

leading to higher a, values and higher hydration rates. However, at low water-to-

cement ratios, the influence of cement fineness on a, diminishes. The fineness is
expressed by the Blaine fineness value.

* The curing temperature. The effects of curing temperature on hydration kinetics

have been shown to be twofold. On one hand, the reaction rate dov/dt increases

with temperature. On the other hand, the density of hydration particles increases
with curing temperature, slowing the permeation of free water through the

hydration products. Therefore, at longer hydration times, the hydration rate may

12
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be lower at elevated temperatures and the ultimate degree of hydration may be
lower. The curing temperature also affects the apparent activation energy E,.

» The curing pressure. Hydration studies performed at pressures up to 85 MPa
have shown that the hydration rate of CsS may be accelerated at higher pressures.
However, curing pressure has a negligible effect on the pore structure of
hydration products.

[0045]  The rate of hydration da/dt is given by the normalized Eq. SA.

a=A4 ex [—E“]ex [ £, j
- ana p RT p 293

with 4, being the chemical activity calculated through Eq. 5B and 1, being the

(Eq. 5A)

permeability of the hydration product layer, calculated by Eq. 5C. In these equations, a

represents the ultimate degree of hydration and s(o,p) simulates the effects of applied

pressure.

4, +OL} (o, —a)-s(a, p)

w (
A { ,—,Blaine, j:k
ol : aine, p kkOLu

(Eq. 5B)

w

€ is the water-to-cement ratio and p is the curing pressure.

1, = exp(—no.) (Eq. 5C)
The four constants in these equations may be calculated knowing the Bogue composition
and the Blaine surface area of the cement.
[0046] The workflow for the prediction methods is summarized in Fig. 1. The
input data are shown in italics. The degree of hydration is calculated by inputting the

curing pressure and temperature, the Bogue composition and the Blaine fineness of the

13
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cement and the slurry composition. Entering the cement slurry density allows calculation
of the gel/space ratio, the porosity of the cement system and provides sufficient
information to use the Balshin expression.

[0047] The prediction methods may also be used for SCM quality control. A
compressive strength measurement would allow one to assess the CAI knowing the
cement/SCM ratio, cement properties, absolute densities of the cement and SCM, the
water-to-cement ratio and the curing conditions.

[0048] In an aspect, embodiments relate to methods for optimizing the
performance of a cement slurry that comprises a blend of water and Portland cement. An
optimal range of cement-slurry performance is defined. This performance may comprise
an optimal compressive strength range, an optimal permeability range, carbon footprint
or cost and combinations thercof. One or more cement-parameter values are determined
to implement the performance prediction and determine whether the predicted
performance is within the defined optimal range. The parameter comprises the candidate
cement-blend composition, a Bogue composition of the Portland cement, a Blaine surface
arca of the Portland cement, the absolute density of the Portland cement, the slurry
density, a curing-temperature profile and a curing-pressure profile.

[0049] In a further aspect, embodiments relate to methods for cementing a
subterranean well with a cement slurry that comprises a blend of water and Portland
cement. An optimal range of cement-slurry performance is defined. This performance
may comprise an optimal compressive strength range, an optimal permeability range,
carbon footprint or cost and combinations thereof. One or more cement-parameter values

are determined to implement the performance prediction and determine whether the

14
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predicted performance is within the defined optimal range. The parameter comprises the
candidate cement-blend composition, a Bogue composition of the Portland cement, a
Blaine surface arca of the Portland cement, the absolute density of the Portland cement,
the slurry density, a curing-temperature profile and a curing-pressure profile. If the
performance is within the optimal range, a cementing treatment is performed with the
optimized blend. Persons skilled in the art will recognize that the cementing treatment
may be a primary or a remedial cementing operation.

[0050] For all aspects, the cement composition may further comprise at least
one supplementary cementing material. In such cases, the chemical activity indices and
absolute densities of the supplementary cementing materials are further determined and
added to the list of parameter values that are used to predict the cement slurry
performance. The supplementary cementing material may comprise fly ash, blast furnace
slag, silica, cement kiln dust, natural pozzolans or zeolites or combinations thercof. The
supplementary cementing material concentration in the cement composition may be up to
80% by weight of solids in the cement blend. Thus, the Portland cement concentration in
the cement composition may be between 20% and 100% by weight of solids in the
cement blend.

[0051] For all aspects, the cement composition may further comprise at least
one filler material. The filler material may comprise nitrogen, microspheres, calcium
carbonate, hematite, ilmenite, barite or manganese tetraoxide and combinations thereof.

[0052] For all aspects, a computer simulator may be used to predict the
cement slurry performance. The simulator may determine the compressive strength by

calculating the gel/space ratio in the cement slurry, or by employing Balshin's expression

15
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or both. If the prediction indicates optimal performance, the prediction may be confirmed
by performing laboratory testing. If the prediction does not indicate optimal performance,
another candidate blend composition may be selected and the methods repeated.

[0053] For all aspects, the cement slurry density may be between about 960
kg/m’ and about 2640 kg/m’. The curing temperature may be between about 4°C and
about 110°C. The curing pressure may be between about 0.1 MPa and about 140 MPa.

[0054] A flow chart of certain embodiments of the methods is given in Fig. 2.

Further illustration of the disclosure is provided by the following examples.

EXAMPLES

[0055] The following examples illustrate how the prediction methods may be
used. Those skilled in the art will realize that the disclosure is not limited to the presented
examples. In particular, results are presented involving blends wherein the SCMs exhibit
pozzolanic or hydraulic reactivity. The same methods could be used to evaluate cement
blends containing particles that do not exhibit such reactivity (i.c., the CAl index is equal
to zero).

[0056]  All of the laboratory tests performed to confirm the model predictions
were performed in accordance with recommended practices specified by the American
Petroleum Institute (API) and the International Organization for Standards (ISO). The
methods are presented in the following publication—Petroleum and Natural Gas
Industries—Cements and Materials for Well Cementing—Part 2: Testing of Well
Cements, International Organization for Standards Publication No. 10426-2.

[0057] All of the examples involved an API Class G cement with the

16
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following Bogue composition: C3S = 60.4 wt%; C,S = 15.0 wt%; C3A = 2.5 wt%,; and
C4AF = 13.8 wt%. The Blaine surface arca was 369 m”/g and the absolute density was
3.24 g/em’. The performance predictions assumed the bottomhole static temperature
(BHST) in the well to be 70°C and the curing pressure to be 21 MPa.

[0058] Two SCMs were used in the study: fly ash and blast furnace slag. The
absolute densities of the fly ash and blast furnace slag were 2.41 g/cm’ and 2.90 g/cm’,
respectively. When blended with the cement at 40% BWOB, the Chemical Activity
Indices of the fly ash and blast furnace slag were 50% and 137%, respectively after 24

hours curing at the same BHST and pressure.

EXAMPLE 1

[0059] For the cementing treatment, the slurry density was fixed at 1900
kg/m’, and a minimum 24-hr compressive strength of 27.6 MPa was required. The curing
temperature was 70°C.

[0060] In a first step, the presently disclosed methods are used to estimate the
compressive strength of the Class G cement after 24 hours curing at 70°C. The result was
16.7 MPa. Laboratory testing with an Ultrasonic Cement Analyzer (UCA) confirmed the
predicted result—17.0 MPa. Furthermore, the simulator showed that, after one month at
70°C, the compressive strength would be 28.3 MPa. However, even if an accelerator had
been used, the predicted compressive strength would never have reached the required
value after 24 hours curing. Thus, one would conclude that the cement should be blended
with another component to meet the compressive-strength requirement.

[0061] In a second step, cement/SCM blends were considered. Two 60/40
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wt% blends were available, prepared either with the fly ash or with the slag. Simulator
results predicted that the cement/fly ash and cement/slag blends would develop 24-hr
compressive strengths of 29.0 MPa and 30.4 MPa, respectively (Table 1). These

predictions were confirmed by UCA testing (Fig. 2).

Blend Cement 60/40 Cement/fly 60/40 cement/slag
ash
Estimated compressive 16.7 MPa 29.0 MPa (4,200 30.4 MPa (4,400
strength at 24 hrs — 70°C (2,400 psi) psi) psi)

Table 1. Estimated compressive strengths of 1900 kg/m’ slurries prepared from three
cement systems cured for 24 hr at 70°C.

[0062] The person skilled in the art may then choose the cement/fly ash or
cement/slag blend depending on other parameters such as cost, carbon footprint or other
slurry performance parameters such as (but not limited to) rheological properties.

[0063] This example illustrates that the compressive strength may be
simulated for neat cements and for those containing reactive SCMs such as fly ash and
blast furnace slag. It also shows that the simulator correctly predicts compressive strength
at short curing durations.

EXAMPLE 2

[0064] In this example, the slurry density is not to exceed 1800 kg/m3 due to
geological constraints. In addition, it is necessary that the set cement attain at least 17.3
MPa compressive strength within 24 hours curing at 70°C.

[0065] The simulator is used to estimate the minimum slurry density that will
attain the required compressive strength. Table 2 shows the results for neat Class G,
60/40 cement/fly ash and 60/40 cement/slag systems. Based on the simulation only the

60/40 cement/slag system, mixed at 1750 kg/m’, meets the design criteria.
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Blend Neat Class G 60/40 cement/fly 60/40 cement/slag
Cement ash
Minimal slurry density 1900 kg/m’ 1840 kg/m’ (15.3 1750 kg/m’ (14.6
(15.8 Ibm/gal) Ibm/gal) Ibm/gal)

Table 2. Estimated minimum slurry densities for three cement systems to attain at least
17.3 MPa compressive strength in 24 hours at 70°C.

[0066] To confirm the simulation, the 60/40 wt% BWOB cement/slag blend
was tested by the UCA. The results are shown in Fig. 3. The experimental results showed
good agreement with the simulation value.

[0067] The cement slurry was further optimized by adding a dispersant,
antifoam agent and a fluid-loss-control agent. The UCA curve shows that the

compressive strength development was slightly affected by the presence of the additives.

EXAMPLE 3

[0068] Sometimes one may not have a choice between using fly ash or slag in
a cement blend. One may consider a situation in which only fly ash is available. The
slurry density must be fixed at 1620 kg/m’, and the system must develop at least 6.9 MPa
compressive strength within 24 hours at 70°C. Which is the optimal cement/fly ash blend
to achieve this level of performance?

[0069] By running the simulator for a series of blends, one may generate a
series of iso-compressive strength curves (Fig. 4). In this case, the 6.9-MPa curve
intersects with the 1620-kg/m’ line at 100/0% cement/fly ash BWOB or between about
40/60% BWOB and 70/30% BWOB. When deciding which blend to use, one may also
consider other parameters such as cost and carbon footprint.

[0070] Although only a few example embodiments have been described in
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detail above, those skilled in the art will readily appreciate that many modifications are
possible in the example embodiments without materially departing from this disclosure.
Accordingly, all such modifications are intended to be included within the scope of this

disclosure as defined in the following claims.
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CLAIMS

1. A method for optimizing the performance of a cement slurry that comprises a blend of
water and Portland cement, comprising:

(i) defining an optimal cement slurry performance range, the performance
comprising compressive strength, permeability, carbon footprint, slurry density or
cost and combination thereof;
(ii) determining one or more cement-parameter values, the parameters comprising
a candidate cement-blend composition, a Bogue composition of the Portland
cement, a Blaine surface area of the Portland cement, an absolute density of the
Portland cement, a curing-temperature profile and a curing-pressure profile;
(iii) using the cement parameter values to predict the cement slurry performance;
and
(iv) determining whether the predicted cement slurry performance is within the

optimal range.

2. The method of claim 1, wherein the cement-blend composition further comprises at
least one supplementary cementing material, or at least one filler material or a
combination thereof, and the densities and chemical activity indices of the

supplementary cementing materials and filler materials are further determined.

3. The method of claim 1 or 2, wherein the supplementary cementing material comprises
fly ash, blast furnace slag, silica, cement kiln dust, natural pozzolans, zeolites, or
nitrogen or combinations thereof, and the supplementary cementing material

concentration in the blend is up to 80% by weight of solids.

4. The method of any one of claims 1-3, further comprising using a computer simulator

to predict the cement slurry performance.
5. The method any one of claims 14, wherein the simulator determines compressive
strength by calculating a gel/space ratio in the cement slurry, or by employing

Balshin's expression or both.

6. The method of any one of claims 1-5, wherein the Portland cement concentration is
between about 20% and 100% by weight of blend.
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7. The method of any one of claims 1-6, wherein the slurry density is between about 960
kg/m® and about 2640 kg/m’.

8. The method of any one of claims 1-7, wherein the curing temperature is between about
4°C and 110°C.

9. The method of any one of claims 1-8, wherein the curing pressure is between about
0.1 MPa and about 140 MPa.

10. A method for cementing a subterranean well with a cement slurry comprising a blend
of water and Portland cement, comprising:

(i) defining an optimal cement slurry performance range, the performance
comprising compressive strength, permeability, carbon footprint, slurry density or
cost and combination therecof;
(ii) determining one or more cement-parameter values, the parameters comprising
a candidate cement-blend composition, a Bogue composition of the Portland
cement, a Blaine surface area of the Portland cement, an absolute density of the
Portland cement, a curing-temperature profile and a curing-pressure profile;
(iii) using the cement parameter values to predict the cement slurry performance;
(iv) determining whether the predicted cement slurry performance is within the
optimal range; and
(v) if the predicted strength is within the optimal range, placing the cement

composition in the well.

11. The method of claim 10, wherein the cement-blend composition further comprises at
least one supplementary cementing material, or at least one filler material or a
combination thereof, and the densities and chemical activity indices of the

supplementary cementing materials and filler materials are further determined.

12. The method of claim 10 or 11, further comprising using a computer simulator to
predict the cement slurry performance.

13. The method of any one of claims 10-12, wherein the simulator determines

compressive strength by calculating a gel/space ratio in the cement slurry, or by
employing Balshin's expression or both.
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14. The method of any one of claims 10-13, wherein the supplementary cementing
material comprises fly ash, blast furnace slag, silica, cement kiln dust, natural
pozzolans, zeolites, or nitrogen or combinations thereof, and the supplementary
cementing material concentration in the blend is up to 80% by weight of blend.

15. The method of any one of claims 10-14, wherein the Portland cement concentration
is between about 20% and 100% by weight of blend.
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