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Abstract: The efficient development of oil and gas resources is inseparable from the progress of
drilling technology and the safety of the long life cycle of wellbore. At present, exploration and
development is expanding to deep and ultra-deep areas. The long life cycle safety of deep and
ultra-deep wells is mainly realized by the sealing performance of cement slurry. Additionally, the
accumulation degree of cement slurry particles is closely related to sealing performance. Based on
fractal theory, an accumulation model of continuous distribution of additive material particles was
designed, which can determine the range of fractal dimension necessary to realize the tight stacking
and guide the proportion of solid admixture. The formulation of high temperature-resistant cement
slurry was prepared by designing the ratio of solid admixture and optimizing the high temperature-
resistant liquid admixture. The evaluation of engineering and temperature resistance of the cement
slurry proves the rationality of the accumulation model, which can be applied to the design of a high
temperature cementing slurry system in deep and ultra-deep wells.

Keywords: cementing; high temperature cement slurry; fractal; accumulation model

1. Introduction

With the depletion of conventional shallow resources, oil-gas exploration and develop-
ment is gradually expanding to complex environments such as unconventional resources,
deep land and deep water [1–4]. According to statistics, more than 40% of the world’s
remaining oil and gas resources are distributed in deep formations below 5000 m. The
static temperature of deep wells at the bottom hole can reach more than 200 ◦C, and the
pressure bottom hole can reach more than 100 MPa [5]. With their high temperature and
high pressure, underground operations pose a significant challenge to the performance
design of a high-temperature well cementing slurry. The physical and chemical properties
of oil-well cement change with the increase in temperature. If the cement slurry system is
not carefully designed, then the strength of cement stone will decline at a high temperature.
At the same time, the permeability will increase, the sealing will lose efficacy, which will
seriously affect the production safety of cementing well in a long life cycle. In the actual
production process of oil and gas wells, the safety problem of wellbore sealing failure
caused by high temperature is very common: in some countries, such as China, the United
States and Norway, the proportion of wellbore isolation failure exceeds 20% [6]. It at
least leads affect the production of oil and gas wells, and even more would lead to the
abandonment of wellbore. Therefore, it is of great significance to improve the development
of deep oil and gas to study the strength decline mechanism of cement stone and design the
cement slurry with long-term stable performance in high temperature and high-pressure
environments.

Fractal theory has been widely used in petroleum fields and can be used to de-
scribe the spatial filling ability of geometric forms [7–9]. The particle size distribution
characteristics of oil-well cement and its solid-phase admixtures show a series of fractal
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characteristics [10–15], especially the uncertainty, fuzziness, nonlinearity and other charac-
teristics, which fully reflect the complexity of microstructure. To improve the temperature
resistance of oil-well cement, silica sand is typically used, and the particle ratio and dosage
of cement dry mixture are reasonably designed to reduce the content of harmful holes in
cement stone [16]. Studies on grain composition have formed some classical models of
close packing theory, such as the Horsfield model [17], Andersen equation, the Aim and
Goff model, the linear packing model and the Dinger–Funk model [18]. The establishment
of these models is based on the mean particle diameter of materials, but they cannot reflect
the real particle size distribution characteristics of materials.

Portland cement, including conventional oil well cement, is the most important and
largest construction material in the world. The main minerals in ordinary Portland cement
are tricalcium silicate (C3S), dicalcium silicate (C2S), tricalcium aluminate (C3A) and tetra
calcium aluminoferrite (C4AF). Among them, C3S and C2S account for about 80% of the
total mineral content. When the temperature is low, the hydration products of the two
minerals are mainly C-S-H gel and Ca(OH)2, and these hydration products have good
mechanical properties [19,20]. Existing studies have shown that a critical temperature
value exists in the strength retrogression of oil well Grade G cement stone with the increase
in temperature [5]. When the temperature exceeds 110–120 ◦C, a hydration product
C2SH2 will undergo the crystal transformation to form a mixture phase with low strength.
At the same time, the transformation leads to the change of the microstructure of cement
stone from a three-dimensional network structure to a plate shape or a crumby structure,
resulting in a significant drop in the strength of cement stone. When the temperature
reaches 150 ◦C, the intensity decline becomes stronger [21]. At present, Portland cement
with sand is the most widely studied and applied high-temperature oil well cement system.
It has been recognized for many years that the optimal sand content is about 30~40% of
cement quality. More and more studies show that the optimal amount of sand is closely
related to the particle size of silica sand, particle size gradation and curing temperature
of cement slurry [22–26]. Therefore, with the help of fractal grading theory [17,27,28], the
optimal theoretical ratio under different sand dosages is solved based on the particle size
distribution characteristics of coarse sand and fine sand [8,14,29–32]. At the same time,
according to the change in the viscosity of the aqueous solution of polymer admixture
before and after elevated-temperature curing [33–35], the high-temperature-resistant liquid-
phase admixture is selected. On the basis of this finding, the high-temperature cement
slurry system is designed.

API RP 10B Recommended Practice for Testing Well Cements of the American Petroleum
Institute provides a method for evaluating high-temperature cementing slurry systems.
The engineering performance of cement slurry includes fluidity, stability, fluid loss, initial
consistency, thickening time, transient time, SPN value and compressive strength. As for
the high temperature resistance of cement, according to the method specified in GB/T
19139-2012, it is necessary to test the change of compressive strength of cement stone.
At the same time, phase analysis and microstructure analysis of cement stone are necessary
to verify the change of hydration products and the accumulation state of cement particles.

2. Fractal Theory and Grading Model
2.1. Fractal and Fractal Dimension

Fractal refers to a pattern, phenomenon or physical process with self-similar char-
acteristics [12,36,37]. It has scale-free property and self-similarity. Scale-free properties
include complexity, shape, irregularity and other characteristics of fractal images that do
not change with the change in scale. Self-similarity is defined as the statistical similarity
of an object to the whole in structure, shape, information, space and other aspects. The
measure M(ε) and measurement scale ε of a fractal object are subordinated to the following
scaling relationship [36,38,39]:

M(ε) ∝ εD f (1)
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where Df refers to fractal dimension, M(ε) can be used to describe the mass, volume, area
or curve length of an object and ε refers to the measurement scale.

2.2. Basic Structure and General Properties of Fractal Model

Fractal theory has been widely used in research on the multi-scale structure of rock
and other porous media, including basic theory and application research as well as mod-
eling: fractal number size distribution (pore size distribution and particle size distribu-
tion) [40], fractal surface (pore–solid interface) [13], mass fractal characteristics (solid mass
fractal) [41,42], polymer distribution [43,44], pore mass fractal [12] and pore–solid frac-
tal [45]. The basic characteristics that coexist in fractal models are scale invariance and
self-similarity.

In Euclidean space (dimension is dE), a self-similarity fractal model with the fractal
dimension D is shown in Figure 1. Each side b of a square with an initial side length L0 is
divided equally (scale factor), and then N subregions with equal size are obtained. The
subregions are divided into two parts, namely, Nz (light gray) and N(1 − z) (dark gray). Nz
regions are iterated continuously. Different colors are found in N(1 − z), showing that the
phase is non-uniform. The number N of small squares from the first iteration is

N = bdE (2)

Figure 1. Basic constitution of fractal model. (A) The initial side length of the model in spatial dimension dE is L0, which is
equally divided into N; (B) the first iteration is divided into two subregions, namely, Nz (light gray) and N (1 − z) (dark
gray); (C) in the second iteration, the last iteration is repeated in the subregion Nz (dE = 2, b = 3, z = 2/9, D = ln2/ln3 = 0.631,
Nz = 2).

The fractal dimension can be obtained from the number Nz of iterative regions and
scale factor b in the figure

D =
lnNz
lnb

(3)

2.2.1. Pore Mass Fractal Model

The 2D pore mass fractal model is shown in Figure 2, which can be used to simulate the
distribution of uniform solid media (uniform means that the black part has a single material
inside) at different scales. The white part is the iteration region. At a certain iterative scale,
solid and pore sizes gradually decrease with the increase in iterations. Finally, the iteration
region disappears. The relationship between the porosity of pore mass fractal model ϕ and
iterations i is shown in Figure 2.

ϕ =

(
8
9

)i
(4)
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Figure 2. Pore mass fractal model. The black part is solid, and the white part is pore (dE = 2, b = 3, z = 8/9, m = 1, D = 1.893).

On the basis of the iteration rule, the relationship between the number m of remaining
subregions and the removal proportion is b2 − m = Nz and N = b2, and the fractal dimension
is

D =
ln
(
b2−m

)
lnb

(5)

2.2.2. Solid Mass Fractal Model

The 2D solid mass fractal model is shown in Figure 3, which can be used to simulate
the distribution of uniform pore at different scales. The black part is the iteration region.
At a certain iterative scale, solid and pore sizes gradually decrease with the increase in
iterations. Finally, the iteration region disappears.

Figure 3. Solid mass fractal model. The black part is solid, and the white part is pore (dE = 2, b = 3, z = 8/9, m = 1, D = 1.893).

2.2.3. Pore Solid Fractal Model

The proportion z of the regions that can be iterated (the entire shape is repeatedly
iterated) is defined as 1 − z = x + y, where x refers to the proportion of porous phase and y
refers to the proportion of solid phase. The solid phase and porous phase that are generated
after each iteration form a fractal set (figure). In Figure 4, N (1 − z) subregions are divided
into Nx = 4 pore subregions (white) and Ny = 3 solid subregions (black), and subregions
Nz = 2 for iteration.

Figure 4. Pore solid fractal model. The black part is solid, the white part is pore and the gray part is
the iterative area.
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In Figure, dE = 2, b = 3, N = 9, z = 2/9, m = 1, x = 4/9, y = 3/9, Equation (4) shows that
D = 0.631

D = dE +
ln( 1 − x − y)

lnb
(6)

2.3. Fractal Grading Model

The fractal grading model is a continuous distribution model of particle size estab-
lished on the basis of the relationship between the cumulative volume fraction of particles
less than a certain size and the fractal dimension [38], which can be used to guide the
design of the proportion and dosage of the solid-phase admixture of oil-well cement.
According to the normalization conditions of fractal theory, the particle size distribution of
mixture (oil-well cement, silica sand, and solid-phase admixture) can be found from laser
particle size analysis. Among them, the distribution of oil-well cement mixture particle
size lmin � lmax satisfies fractal theory [46].(

lmin
lmax

)D
∼= 0 (7)

The particle size distribution function of the mixture after dry mixing of oil-well
cement and admixture is set as

f (l) =
N(l)
N0

(8)

where N(l) refers to the total number of mixture particles less than the current particle
size scale l. N0 refers to the total number of particles of mixture system and l refers to the
current particle size scale, in µm.

In the dry mixture of oil-well cement, the cumulative number N of particles with the
diameter less than l is subordinated to the scaling rate relation. It can be obtained from
statistical self-similarity of mixture particle size

N(� l) =
(

l
lmax

)−D
(9)

where D refers to the particle size fractal dimension, and lmax refers to the maximum
particle size in the mixture, in µm.

In Equation (9), with the assumption that the lower limit of statistical self-similarity
is the minimum particle diameter lmin and the upper limit is the maximum particle di-
ameter lmax, the distribution in the range from lmin to lmax satisfies the fractal power law.
Equation (9) is a continuously differentiable function, as indicated by the large number of
particles in the mixture. Then, the number of particles in the range of l and l + ∆l is

−d(N)= DlD
maxl−(D+1)dl (10)

The correction coefficient k of particle shape is introduced. The admixture used in this
paper is quartz sand. Oil-well cement is not greatly different from quartz sand in terms
of density. Therefore, with the assumption that oil-well cement is similar to admixture
in density, the total mass of particles in the range of (lmin, lmax) obtained from the mass
integral d(M) of particles in the range of (l, l + ∆l) is M:

d(M)= l3kd(N)= −kDlD
maxl2 − Ddl (11)

M =
∫ max

min
d(M)= − kDlmax

D

l3 − D

[
l3 − D
max − l3 − D

min

]
(12)

The mass of mixture with a particle size less than lM(l) is obtained as

M(≤ l) =
∫ l

min
dV(l)= − kDlmax

D

l3−D

[
l3−D
max − l3−D

]
(13)
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The mass distribution function of the oil-well cement mixture is defined as g(l):

g(≤ l) =
M(≤ l)

M
(14)

On the basis of simultaneous Equations (12)–(14), the fractal grading model is obtained

g(≤ l) =
l3−D−l3−D

min

l3−D
max −l3−D

min
(15)

In a certain particle size range, particle size fractal dimension D can reflect the particle
size distribution (grading) and thickness in this model. The precondition of its application
is that each component is assumed to form a series of continuous accumulation system. The
model is derived on the assumption that the density of each component is equal. Under
the condition of different density of each component, the same accumulation effect can be
transformed into volume distribution function V(≤l).

V(≤l) =
l3−D−l3−D

min

l3−D
max −l3−D

min
(16)

After the particle size distribution of all mixtures is clarified, the boundary condition
and fractal dimension D of mixture particle size are selected to obtain the volume fraction
of each admixture by using Equation (16). Then, the mass proportion of each component
can be obtained through mass conversion to design the solid-phase formula of high-
temperature cement slurry system.

3. Design of High-Temperature Well Cementing Slurry System
3.1. Design Principles

Wellbore conditions and casing program of deep wells and ultra-deep wells are compli-
cated [6], which is why the operation in well-cementing operation is difficult. The influence
of underground high temperature, high pressure, narrow clearance and other factors is
usually considered in well-cementing operations [19,20]. It needs to be designed from
the perspectives of slurry rheology, density stability, water loss control, thickening time
regulation, early compressive strength development and long-term sealing performance.
At the same time, the requirements of smooth cementing operation need to be satisfied,
thus improving injection and displacement efficiency and long-term effective sealing in the
whole oil-well life cycle.

3.2. Experimental Materials

Fluid loss additive A, retarder B, dispersant C and gas channeling proof agent D
with good temperature resistance are selected as the fluid-phase admixture. Chuanfeng
coarse sand and fine sand are selected as the solid-phase admixture. The cement is Sanxia
Grade G. The particle size distribution of each solid-phase material is measured by using a
Master—sizer 2000 laser particle size analyzer, as shown in Table 1.

Table 1. Material particle size distribution.

Granularity Well Cement (µm) Fine Sand (µm) Coarse Sand (µm)

D(0.1) 0.454 0.538 21.838
D(0.5) 2.825 2.390 97.209
D(0.9) 19.196 19.678 174.992
D[4, 3] 26.484 34.139 132.205

D[4, 3] is the average volume diameter.
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3.3. Design of Solid Phase Formula

In solid-phase particle grading design, when different specifications of oil-well cement
and solid-phase admixture are used, the upper and lower limits of the particle size of the
mixture change accordingly, which can be adjusted by appropriately changing the limit
particle size and fractal dimension of the fractal grading model. Solid-phase admixtures of
cement slurry system with high temperature resistance mainly include coarse sand and
fine sand. The use of fluid-phase admixture in the design process should be reasonably
optimized and proportioned according to engineering performance requirements.

The particle size distribution of the three kinds of materials in Table 1 shows that
the particle size of materials meets continuous distribution characteristics. The boundary
condition of the mixture is selected as follows: the maximum particle size lmax is 175 µm,
and the minimum particle size lmin is 0.4 µm. The particle size of the mixture is divided into
three levels, namely, 0.4–20 µm, 20–34 µm, and 34–175 µm. Andersen proposed a packing
model of continuously distributed particle size based on statistical similarity, where U(l)
refers to the cumulative percentage; l refers to the current particle size; lmax refers to the
maximum particle size, in µm; q refers to the Fuller index.

U(l) = λ

(
l

lmax

)q
(17)

The statistical data of this packing model show that, when 1/3 ≤ q ≤ 1/2, the
proportion of solid-phase particles in unit volume is the largest; that is, the porosity is the
smallest, resulting in compact packing. At this moment, the fractal dimension D of the
particle size distribution of solid-phase materials of the high-temperature cement slurry
system is 2.50–2.67. This result shows that oil-well Grade G cement, fine sand and coarse
sand can realize compact packing in the particle size distribution range. Then, the D value
is 2.52, 2.55, 2.58, 2.61, 2.64 and 2.67. According to the theory of silicon–calcium ratio, the
total amount of sand added in high-temperature cement slurry is designed to be 35% and
45% (proportion of cement mass). The volume fraction of the particles in each particle size
range is calculated based on fractal grading and then converted into the mass fraction of
three components. The calculation results are shown in Tables 2 and 3.

Table 2. Three component mass fractions by different fractal dimensions (sand amount 35%).

/
D

2.52 2.55 2.58 2.61 2.64 2.67

Formula 1 2 3 4 5 6 7
Slurry 100 100 100 100 100 100 100

Fine Sand 0 0 5.6 10.6 15.6 20.6 25.6
Coarse Sand 0 35 29.4 24.4 19.4 14.4 9.4

Table 3. Three component mass fractions by different fractal dimensions (sand amount 45%).

/
D

2.52 2.55 2.58 2.61 2.64 2.67

Formula 1 2 3 4 5 6 7
Slurry 100 100 100 100 100 100 100

Fine Sand 0 0 5.7 10.7 15.7 20.7 26.7
Coarse Sand 0 45 39.3 34.3 29.3 24.3 18.3

Tables 2 and 3 show that when the total amount of sand is determined, the content
of fine sand will gradually increase with the increase in fractal dimension D, whereas the
content of coarse sand will gradually decrease; that is, if the fractal dimension is larger,
then the particles become finer, and conversely, the particles become thicker. With cement
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slurry configured as 1.88 g/cm3 is taken as an example, when the amount of added sand is
determined, if the D value decreases, then the amount of coarse sand increases, and the
high-temperature resistance of cement stone decreases (the experimental result is shown
in Figures 5 and 6), and the flowability of cement slurry is good. If the D value is larger,
then the amount of fine sand increases, the high-temperature resistance of cement stone
improves, and the flowability of cement slurry is worse. In accordance with the amount
of added sand corresponding to particle size fractal dimension D and the comprehensive
performance result of cement from the experiment, when the amount of added sand is 35%,
the D value is 2.61; when the amount of added sand is 45%, the D value is 2.64.

Figure 5. Compressive strength of 35% added sand.

Figure 6. Compressive strength of 45% added sand.

3.4. Design of Fluid-Phase Formula

If the change rate (absolute value) of the molecular weight of the polymer admixture
before and after high-temperature treatment is smaller, then its temperature resistance is
better. With the help of Ubbelohde’s viscosity experiment, the temperature resistance of
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polymer admixture is evaluated by analyzing the change of the viscosity–molecular weight
of polymer admixture. As a means of optimizing the high-temperature polymer admixture,
it can be used to guide the design of a high-temperature well-cementing slurry system.

The samples of three kinds of fluid loss additives and retarder were each placed in a
roller heating furnace at 180 ◦C for 3 h. They were then taken out after cooling for later use.
Temperature and curing time were determined according to the field experimental condi-
tions of the well-cementing operation. In this paper, four open-operation environments
exist in Chuanshen Well No. 1; the experimental temperature is 180 ◦C, and the concentra-
tion of fluid loss additive and retarder is similar to the water distribution concentration
of well-cementing working fluid, which is 10% in this work. The experimental results are
shown in Tables 4 and 5.

Table 4. Rate of change in molecular weight of fluid loss agent.

Fluid Loss
Agent

Intrinsic Viscosity Rate of Molecular
Weight Change (%)Before Heat Treatment After Heat Treatment

A 2.124 1.776 25.79
B 6.276 2.824 73.58
C 5.381 2.978 62.70

Table 5. Rate of change in molecular weight of retarder.

Retarder
Intrinsic Viscosity Rate of Molecular

Weight Change (%)Before Heat Treatment After Heat Treatment

A 0.280 0.214 36.14
B 1.348 1.186 19.20
C 0.765 0.596 33.97

The experimental results show that, after heat treatment (180 ◦C), the change rates
(absolute values) of the molecular weights of three fluid loss additives are as follows:
fluid loss additive A is 25.79%, fluid loss additive B is 73.58%, and fluid loss additive C is
62.70%, thereby indicating that the change in the molecular weight of fluid loss additive A
is small after high-temperature (180 ◦C) treatment. By comparison, it has good temperature
resistance.

The experimental results also that, after heat treatment (180 ◦C), the change rates
(absolute values) of the molecular weights of three retarders are 36.14% for retarder A,
19.20% for retarder B, and 33.97% for retarder C, thereby indicating that the change in
the molecular weight of retarder B is small after high-temperature (180 ◦C) treatment.
By comparison, it has good temperature resistance. Finally, fluid loss additive A and
retarder B with good temperature resistance are selected as the fluid-phase admixture.

4. Performance Evaluation of High-Temperature Well Cementing Slurry System
4.1. Experimental Methods

Cement slurry was prepared according to the API RP 10B Recommended Practice
for Testing Well Cements of the American Petroleum Institute, in which the dosage of the
admixture is calculated as its percentage in the mass of dry cement [47].

4.2. Performance Evaluation of Cement Slurry

The performance evaluation of the cement slurry system is performed. Table 6 shows
that the density of high-temperature cement slurry can be adjusted in the range of
1.90–2.30 g/cm3. The slurry has good stability, with water loss less than 50 mL, a short
transition time, and low early volume shrinkage. With an anti-channeling performance
coefficient (SPN) less than 1.63, it has good anti-gas channeling performance and high com-
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pressive strength, which can meet the requirements of high-temperature and high-pressure
well-cementing construction.

Table 6. Performance evaluation of high temperature cement slurry system.

Formula Density/
(g/cm3)

Temperature/
◦C

Fluidity/
cm

Stability/
(g/cm3)

Fluid
Loss
/mL

Initial Con-
sistency/Bc

Thickening
Time/min

Transient
Time/min SPN

Compressive
Strength

(74 h)/MPa

1 1.9 140 21 0.01 20 12 472 14 1.02 16

2

2.0 140 20 0.01 16 26 330 18 1.63 17.3

2.0 160 21 0.01 29 20 312 2 0.32 15

2.0 180 20 0.01 47 24 512 2 0.57 23

3
2.1 170 20 0.01 35 21 317 7 1.27 15.8

2.1 180 20 0.01 35 18 495 2 0.43 21

4 2.2 190 20 0.02 37 25 457 1 0.32 25

5 2.3 200 20 0.02 42 29 471 1 0.15 25

4.3. Evaluation of Temperature Resistance of Cement Slurry

A cement stone sample was prepared and cured according to GB/T 19139-2012 [48].
The prepared cement slurry was placed in a test mold to check the compressive strength.
Four test pieces were used for each formula, which were placed in a pressurized curing
kettle for curing at 180 ◦C. After the curing time was reached, the cement samples were
taken out to analyze their compressive strength, phase, and micromorphology.

4.3.1. Compressive Strength of Cement Stone

According to the design of the fractal grading model, for the cement slurry system with
the 35% and 45% added sand [22–25,49–51], the solid phase formulas are Formulas (1)–(7),
as shown in Tables 2 and 3. The fluid-phase admixture is adjusted based on different
working environments. The density of the cement slurry is 1.88 g/cm3. To cure at 180 ◦C,
the samples were placed in a high-temperature pressurized curing kettle (OWC-9380) at
20 MPa, with the formulas corresponding to cement samples with D values of 2.52, 2.55,
2.58, 2.61, 2.64, and 2.67. They are cured for 3, 7, and 14 days and compared with blank
control (cement + water). The experimental results are shown in Figures 5 and 6.

The analysis results show that when the cement stone is cured at 180 ◦C, adding sand
can effectively alleviate the strength retrogression. By comparison, 45% sand addition
can better prevent the strength retrogression of cement stone than 35% sand addition.
Compared with the blank control, after the cement stone has been cured for 14 days, the
strength of cement stone with 35% sand addition is 13–15.6 MPa, whereas the strength of
cement stone with 45% sand addition is 17–20 MPa. Under the same amount of added sand,
adding fine sand is conducive to the development of early strength. However, coarse sand
is conducive to the growth of long-term strength. The strength performance is the best only
when fine sand is added, yet the rheology will be seriously affected. When coarse sand is
used together with fine sand, the cement slurry shows good engineering performance and
high strength at high temperature.

4.3.2. Phase Analysis

After cement stone samples with Formulas (1)–(7) (35% sand addition) were cured
at 180 ◦C for 7 days, X-ray powder diffraction test was performed after drying for phase
analysis to compare the changes of hydration products with different proportions of coarse
and fine particles [52,53]. The experimental results are shown in Figure 7.
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Figure 7. Phase analysis.

Phase analysis results show that the Ca(OH)2 content of cement stone containing sand
is significantly lower than that of blank cement stone. With the increase in fine sand content,
the contents of Ca(OH)2 and SiO2 are significantly lower than those of cement stone that
contains coarse sand, showing that the ability of fine sand to participate in the reaction
is stronger than that of coarse sand (the specific surface area of fine sand is 13 times of
coarse sand). At the same time, with the increase in the proportion of fine sand, the peak
intensity of high-temperature-resistant hydration product C6S6H gradually increases, and
the peak intensity of Ca(OH)2 and C2SH further decreases, thereby improving the strength
retrogression of cement stone.

4.3.3. Analysis of Micromorphology

After cement stone samples with Formulas (2), (4), (6) and (7) (35% sand addition) are
cured at 180 ◦C for 7 days, micro-morphology analysis is performed. The corresponding
fractal dimension D values are 2.52, 2.58, 2.64, and 2.67. The experimental results are shown
in Figure 8.
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Figure 8. Microscopic morphology analysis.

The micromorphology map shows that when the D value is the smallest, that is, only
coarse sand is added, incompletely reacted silica sand particles are still present in cement
stone; with the increase in the D value, coarse sand and fine sand are graded and packed,
and cement hydration products are packed with each other, forming a network structure.
When the D value increases—that is, only fine sand is added—cement stone is more dense.
This finding also verifies that the high-temperature cement slurry designed in this paper
has good temperature resistance and proves the feasibility of designing a high-temperature
cement slurry system.

5. Conclusions

The traditional particle packing model is established on the basis of the average
particle size. The fractal packing model is based on continuous particle size distribution,
which more conforms to the particle size characteristics of oil-well cement admixture.

When the maximum particle size of high-temperature cement admixture lmax is 175 µm
and the minimum particle size lmin is 0.4 µm, the corresponding particle size distribution
fractal dimension D is 2.50–2.67. At this moment, the porosity is minimum and compact
packing is realized. On the basis of a comprehensive evaluation of engineering performance,
when the amount of added sand is 35%, the D value is 2.61. At this time, the content of fine
sand is 15.6%, and the content of coarse sand is 19.4%. When the amount of added sand is
45%, the D value is 2.64. At this time, the content of fine sand is 20.7%, and the content of
coarse sand is 24.3%.

In this paper, solid-phase materials of the high-temperature cement system include
oil-well Grade G cement, fine sand and coarse sand. The particle size ranges of three kinds
of particle materials conform to the characteristics of continuous distribution. However,
the difference in the particle size of Grade G cement and fine sand particles is small.
In the future, the evaluation of packing characteristics and cement slurry performance will
be designed and studied through optimizing several particle materials with particle size
difference.

The cement slurry designed by the fractal packing model has good engineering
performance and anti-gas channeling ability. At 180 ◦C, when the amount of added sand
is 45%, the strength on the 14th day is 17–20 MPa and the space grid structure is formed,
with good high temperature resistance. These findings verify the feasibility of designing a
high-temperature cement slurry system on the basis of the fractal packing model.
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