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Abstract: The cement sheath is an annular structure between casing and formation, which is crucial
to the integrity of the wellbore system. Considering that the temperature and pressure environment
is changing continuously with increasing burial depth, the micro-structure and macro=mechanical
properties of the in-situ cement sheath will change accordingly. To investigate the variation of burial
depth on the evolution of the tensile mechanical behavior of oil cement stone, five temperature-
pressure curing and testing conditions (25 °C—0 MPa, 50 °C—10 MPa, 80 °C—20 MPa, 110 °C—
30 MPa, and 140 °C—40 MPa) are set to approximately simulate an in situ temperature-pressure
environment at five typical burial depths (0 m, 1000 m, 2000 m, 3000 m, and 4000 m). The in situ
tensile behavior, micro-structure and pore size distribution of the cement stones at each condition are
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tested and comparatively analyzed. Results show that with increasing temperature and pressure, the
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brittleness of the cement stone reduces and its ductility strengthens accordingly. The tensile strength
experiences rapid growth at first, then increases at a slower rate and finally decreases. The failure
mode of the cement stone gradually transforms from tensile splitting to tensile-shear composite
fracture, accompanied by increasing fracture surface roughness. Microscopically, with increasing
curing temperature and pressure, the pore structure of cement stone gradually transforms from
closely stacked laminated sheets to interconnected fiber networks. The dense structure of cement
stone gradually becomes loose and porous. The porosity also increases from 15.96% to 29.46%.
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Publisher’s Note: MDPI stays neutral 1. Introduction

Wellbore is the critical channel connecting surface and underground stratum in the
practice of underground energy exploitation [1] and storage (Compressed air storage [2],
Natural gas storage [3], Crude oil storage [4], Underground hydrogen storage [5,6]). Well-
bore integrity is crucial to oil and gas engineering [7]. The destruction of its integrity will
not only seriously affect the comprehensive development benefits of oil and gas fields, but
can also cause catastrophic accidents such as oil and gas leakage [8].

Cementing is the technology in which casing is run into the wellbore and the annular
space between the wellbore and casing is filled with cement slurry [9]. After the cement
slurry solidifies for a certain period of time, the annular structure formed between the
casing and the formation is the cement sheath (Figure 1). Cementing is a crucial link in well
construction of oil and gas wells, as the cement sheath can effectively support and protect
the casing and ensure long-term zonal isolation of the well.
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Figure 1. The casing-cement-formation system and the modes of cement sheath damage. (a) The

composition of casing-cement-formation system, (b) casing-cement interface debonding, (c) cement-
formation interface debonding, (d) cement shear damage and (e) cement radial tensile failure.

In the wellbore system, the cement sheath is a weak link. It has the potential to be
damaged and destroyed under various engineering disturbances after a job, leading to the
sealing failure of the wellbore system. As depicted in Figure 1, the cement sheath damage
could be divided into four modes: (a) casing-cement interface debonding, (b) cement-
formation interface debonding, (c) cement shear damage and (d) cement tensile failure.
All these four modes of cement sheath damage are affected mainly by the material’s
mechanical properties, such as cement compressive strength [10], Young’s modulus [11],
tensile strength [12], bond strength [1], loading conditions [13] and cement shrinkage [14].
However, except for the third damage mode, which is caused by compression, the other
three are caused by the tensile failure of the cement sheath body or interface, so it is essential
to evaluate and study the tensile properties of the cement sheath.

In recent years, many research results have been reported in cement sheath failure
during underground energy storage and hydrocarbon exploitation. Li [15] studied the
effect of carbon fiber, calcium carbonate whisker and hybrid fiber on the mechanical
properties of cement stones, which were cured and tested under room temperature and
normal pressure. Lima [16] analyzed the effect of the strengthening effect of confining
pressure on the cement stones by mechanical tests without considering the effect of the
temperature. Xu [17] conducted conventional triaxial compression test of cement stones at
five different temperatures from 25 °C to 135 °C, with confining pressure varying from 5
to 45 MPa. However, the curing conditions are only under room temperature and normal
pressure. Shakor [18] measured the compressive strength of cement stones under room
temperature and normal pressure, which were made by 3D printed powders. Quercia [19]
and Liu [20] measured the tensile strength of cement stones under room temperature and
normal pressure. Li [21] tested the microstructure of cement stones by scanning electron
microscope, which were cured at 60 °C and 90 °C, without considering the effect of the
curing pressure. Yang [22] investigated the pore structure of cement stones under one
curing temperature and pressure condition (50 °C and 10 MPa) through CT scanning, but
it did not take into account other curing temperature and pressure conditions. Table 1
presents detailed information on test materials and test conditions in the above references.

All the literature above reports mainly on the mechanical properties or microstructure
of cement stone under room temperature and normal pressure, or a single temperature
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or pressure, but there were few reports discussing the effect of both temperature-pressure
curing and testing conditions on the mechanical properties of cement stone, especially on
tensile strength. As the temperature and pressure environment of cement sheath formation
and service changes with increasing burial depth (Figure 2), the mechanical parameters
conventionally measured under room temperature and normal pressure or a single tem-
perature or pressure may not be representative. Therefore, different temperature-pressure
curing and testing conditions should be set to simulate the temperature and pressure
environment of cement sheath so as to evaluate its mechanical properties comprehensively
and reasonably.

°C, 0 MPa

1000 m i 50°C, 10 MPa

2000 m i 80°C, 20 MPa

3000m 110°C,30 MPa

4000 m 140°C,40 MPa

Figure 2. Wellbore structure and typical temperature-pressure environment with increase of depth.

In this study, the cement stone specimens are prepared under five temperature-
pressure curing and testing conditions (25 °C—0 MPa, 50 °C—10 MPa, 80 °C—20 MPa,
110 °C—30 MPa and 140 °C—40 MPa) to approximately simulate in situ temperature-
pressure environment at five typical burial depths (0 m, 1000 m, 2000 m, 3000 m and
4000 m). The in situ tensile behavior, micro-structure, and pore size distribution of the
cement stones at each condition are tested and comparatively analyzed. The results can
provide accurate and valuable tensile parameters for cementing design and safety assess-
ment.

2. Materials and Methods
2.1. Materials and Specimen Preparation

The material used in this study is elastic cement (97% Class G cement and 3% elastic
material), which is mainly composed of tricalcium silicate, dicalcium silicate, tricalcium
aluminate, tetra-calcium ferro-aluminate and an appropriate amount of gypsum. Its compo-
sition included 100% elastic cement, 3% fluid loss additive, 31% clean water and 10% liquid
silicon. The liquid—solid ratio was 44%. A curing device was used for specimen prepara-
tion, which could simulate the high-temperature and high-pressure environment of deep
formations (Figure 3a). The effective internal size of the curing device was ¢ 120 x 250 mm
and the working ranges of pressure and temperature were (0-50 MPa) and (0-200 °C),
respectively.
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Figure 3. Preparation of cement stone specimens: (a) high-temperature and high-pressure curing
device, (b) cement pouring and curing and (c) some prepared cement stone specimens.

The preparation of cement slurry was carried out in accordance with the method
recommended in API RP 10B-2 [23] and GB/T1939-2012 [24]. The evenly mixed cement
slurry was first poured into a special mold with internal dimensions of ¢ 50 x 110 mm
(Figure 3b). Then, the mold was placed in the high-temperature and high-pressure cur-
ing device. Under five different temperature and pressure conditions (25 °C—0 MPa,
50 °C—10 MPa, 80 °C—20 MPa, 110 °C—30 MPa, and 140 °C—40 MPa), water bath curing
was continued for three days. Finally, the mold was removed from the curing device and
cured in a water bath at 25 °C for 28 days to ensure that the cement was fully hydrated.
The reason for curing for 3 days in the high-temperature and high-pressure curing device is
that, after curing for 3 days, the hydration degree of each component in the cement clinker
has exceeded 90% and the structure of the cement stone has become stable; The reason
for curing at 25 °C for 28 days is that the strength of cement stone is close to its long-term
strength after 28 days of curing [25]. The conditions of 25 °C—0 MPa, 50 °C—10 MPa,
80 °C—20 MPa, 110 °C—30 MPa, and 140 °C—40 MPa roughly corresponded to the tem-
perature and pressure environments of cement sheath at the depths of 0 m, 1000 m, 2000 m,
3000 m and 4000 m, respectively. Demolding was conducted after curing. Through cutting
and grinding of the end faces, the cement stones were processed into disc specimens of
diameter 50 mm and height 25 mm (Figure 3c, which are used for the splitting test under
different test temperatures and pressures. One specimen in each group of temperature and
pressure conditions is selected to measure roughness of fracture surface. Part of the excess
specimens were processed into thin slices of less than1 x 1 x 0.5 cmand1 x 1 x 1cm
blocks for scanning electron microscopy tests and mercury injection tests, respectively.

2.2. Testing Methods

In this study, five groups of tests were designed. The temperature and pressure
conditions during the tests were consistent with those during the curing process (Table 2).
The testing machine was the XTR01-01 rock triaxial tester developed by the Institute of
Rock and Soil Mechanics, Chinese Academy of Sciences (Wuhan, China). In this test, we
adopted a displacement-controlled loading mode with a rate of 0.24 mm/min. Before the
test, the specimens were packaged (Figure 4). The steps of packaging treatment are: first,
heat the heat shrinkable tube with a hair dryer to wrap the heat shrinkable tube outside
a cylindrical indenter, then put a specimen into it, then pour an appropriate amount of
silica gel evenly stirred into it, so that it just submerges the specimen, finally, place another
cylindrical indenter on the sample, heat the heat shrinkable tube with a hair dryer to fix it,
and wait for the silica gel to solidify before the test. Two cylindrical indenters were placed
at the top and bottom of the specimen to exert the axial pressure. The white substance
inside was a kind of silica gel, which could transfer heat and confining pressure, and
could also fix the specimen. Heat shrinkable tubes with high-temperature resistance were
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wrapped outside. To heat the specimens, each test was conducted evenly and fully after
raising the oil temperature in the triaxial chamber to the target temperature and stabilizing
for 1 h. At least three cement stone specimens were tested at the same temperature and
confining pressure. We removed the invalid test values of the specimens with splitting
fracture deviating from the center of the disc in each group.

Table 1. Information on test materials and test conditions in some references.

Curing Conditions

Test Conditions

Test Materials Time Temperature Pressure Temperature Pressure Reference
(Days) (@] (MPa) (W@ (MPa)
G grade oil well
uniaxial cement; atmospheric room atmospheric
. . . 28 30 [15]
compression test  carbon fiber; calcium pressure temperature pressure
carbonate
trlax%al G grade oil well not mentioned nc:')t ngt room 10; 20; 40 [16]
compression test cement mentioned mentioned temperature
tr1aX}al G grade oil well 28 room atmospheric 20; 60; 95; 115; 5 15; 30; 45 [17]
compression test cement temperature pressure 135
ordinary Portland
uniaxial cement; . room atmospheric room atmospheric
. . . not mentioned [18]
compression test calcium aluminate temperature pressure temperature pressure
cement
direct tensile test; © grj;lni;)rlllt’w . room atmospheric
indirect tensile L 1 25 10.34 p [19]
several inorganic temperature pressure
test Ny
microfibers
b.ra.zﬂlan G grade oil well 7 60 207 room atmospheric [20]
splitting tests cement temperature pressure
SEM G grade oil well 7 60; 90 atmospheric room atmospheric [21]
cement pressure temperature pressure
CT scanning G grade oil well 7 50 10 room atmospheric [22]
cement temperature pressure

Figure 4. Preparation of sealed cement stone specimens: (a) cylinder indenter, (b) silica gel, (c) heat

shrinkable tube with high temperature resistance and (d) sealed specimen.
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Table 2. Physical parameters of cement stone.

Curing Conditions Test Conditions
Sample Diameter Length
Number Temperature Pressure Temperature Pressure (mm) (mm)
(@) (MPa) Q) (MPa)
A-1 50.59 25.18
A-2 25 0 25 0 50.64 25.31
A-3 50.73 25.38
B-1 50.76 25.57
B-2 50 10 50 10 50.41 25.11
B-9 50.56 25.13
C-1 50.76 25.01
C-2 80 20 80 20 50.50 25.07
C-3 50.21 25.09
D-1 50.60 25.24
D-2 110 30 110 30 50.52 25.21
D-3 50.56 24.99
E-1 50.40 2497
E-2 140 40 140 40 50.52 25.22
E-9 50.40 25.07

The roughness of fracture surface after tensile failure was measured using the 3D
scanner of OKIO-3M-400-200-100 (Hangzhou, China). The microstructure of cement stone
was observed by the scanning electron microscope of Hitachi S4800 (Tokyo, Japan). The
mercury porosimeter of Micromeritics AutoPore V 9620 (Micromeritics Instrument Cor-
poration, Norcross, GA, USA) was used to provide the pore characteristics of the cement
stone (Figure 5).

Figure 5. The testing machine: (a) the triaxial testing machine of XTR01-01, (b) the mercury porosime-
ter of Micromeritics AutoPore V 9620, (c) the 3D scanner of OKIO-3M-400-200-100, and (d) the
scanning electron microscope of Hitachi S4800.
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3. Results
3.1. Load-Displacement Curve

The load-displacement curve can be divided into four stages: compaction, elastic
deformation, yield failure and post-peak drop. At the initial loading, the primary pores and
microcracks of the specimens are compacted and the load-displacement curve increases
slowly in a nonlinear state. As the load increases, the load-displacement curve goes up
in an approximately linear state. As the load continues to increase, the curve gradually
bends and its growth slows down. Simultaneously, plastic damage continues to accumulate
inside the specimen. When the load reaches the peak, the specimen is split and loses its
bearing capacity. Then, the curve drops rapidly.

As shown in Figure 6, under the test conditions of 25 °C—0 MPa and 50 °C—10 MPa,
the yield failure stage is not obvious. The specimen exhibits typical brittle failure. At the test
temperatures and pressures of 80 °C—20 MPa, 110 °C—30 MPa, and 140 °C—40 MPa, the
yield stage is significantly longer. This indicates that with an increase in temperature and
pressure, the brittleness of the specimen reduces and its ductility strengthens accordingly.

40r
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30. 09 KN

(o]
o
T

23.15 KN
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DO
<

16,51 KN

= 25°C, 0 MPa
50 °C, 10 MPa
80 °C, 20 MPa

= 110 °C, 30 MPa

e 140 °C, 40 MPa

10

0 1 2 3 4
Displacement(mm)

Figure 6. Load-displacement curves under different temperatures and pressures.

In general, in the splitting tests under different temperatures and pressures, the slope
of the elastic stage of the cement stone gradually decreases with increasing temperature
and pressure. The peak load and corresponding displacement have the same trend of
increase first and then decrease. The maximum peak load and displacement occur at
110 °C—30 MPa. The peak load increases from 6.27 kN at 25 °C—0 MPa to 34.32 kN, with
an increase of 447.37%. Accordingly, the peak displacement increases from 0.332 mm to
4.012 mm, with an increase of 1108.43%. At 140 °C—40 MPa, the peak load and displace-
ment begin to decrease. The peak load decreases from 34.32 kN at 110 °C—30 MPa to
23.15 kN, with a decrease of 32.55%. The peak displacement decreases from 4.012 mm to
2.458 mm, with a decrease of 38.73%.

3.2. Tensile Strength

At present, the Brazilian splitting test method is commonly used to indirectly measure
the tensile strength of rocks. The calculation equation of the tensile strength without
confining pressure is:

2P

= DL M

Ot
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where oy is the indirect tensile strength, MPa; P is the load corresponding to the tensile
fracture initiation at the center of the specimen, N; D is the diameter of the test specimen,
mm; L is the thickness of the test specimen in mm.

When confining pressure is applied, the specimen is subjected to the confining pressure
in addition to the load applied during the test in the diameter direction. Therefore, the
equation of tensile strength of the specimen under confining pressure is:

2(P +ocA)
Ot = ~ DL —0¢ 2)
where A is the area of indenter, mm?; o is the confining pressure, MPa.
As shown in Figure 7, when the test temperatures and pressures are 25 °C—0 MPa,
50 °C—10 MPa, 80 °C—20 MPa, 110 °C—30 MPa, and 140 °C—40 MPa, the average tensile
strengths of the specimens are 3.12, 8.68, 14.60, 16.51, and 10.99 MPa, respectively. As the
test temperature and pressure increases from 25 °C—0 MPa to 50 °C—10 MPa, and further
to 80 °C—20 MPa, the average tensile strength of the specimens increases rapidly, with an
increase of 178.21% and 68.2%, respectively. As the test temperature and pressure increases
from 80 °C—20 MPa to 110 °C—30 MPa, the rate of increase in the average tensile strength
slows down and the increase is 13.08%. As the test temperature and pressure increases from
110 °C—30 MPa to 140 °C—40 MPa, the average tensile strength decreases significantly
by 33.43%. It could be inferred that the tensile strength of cement stone could experience
rapid growth at first, then increases at a slower rate and finally decreases with increasing
formation depth.

20

[
a
T

—
o
T

Tensile strength(MPa)

Averge value(yield point)
Test value(Peak point)
Averge value(Peak point)

[$)]
T

25,0 50, 10 80, 20 110,30 140, 40

Test temperature and pressure(°C, MPa)

Figure 7. The evolution of tensile strength with the increase of test temperature and confining pres-
sure.

By comprehensively comparing the stress—strain curves and specimen failure modes, it
was discovered that tensile failure and plastic shear deformation coexisted under the effect
of confining pressure. It is assumed that the cement stone might have tensile failure when
it enters the yield stage. Therefore, the load corresponding to the yield point is taken as the
critical force, at which the initiation of tensile fracture at the center of the specimen occurs.
For the test temperatures and pressures of 25 °C—0 MPa, 50 °C—10 MPa, 80 °C—20 MPa,
110 °C—30 MPa, and 140 °C—40 MPa, the average tensile strengths are 3.12, 4.36, 8.71,
9.55, and 7.97 MPa, respectively. The newly calculated tensile strength of the specimens
decreases as a whole compared with the values calculated before, but the overall trend
remains unchanged.



Energies 2022, 15, 7340

9of 16

3.3. Characteristics of Splitting Fracture Surface

Almost all cement stone specimens are fractured along the diametrical loading. The
specimens are split into two hemispheres. However, with an increase in the test temperature
and pressure, the propagation direction of fracture gradually changes (Figure 8).

(e)

Figure 8. Splitting fracture surface under different temperatures and pressures: (a) 25 °C—0 MPa,
(b) 50 °C—10 MPa, (c) 80 °C—20 MPa, (d) 110 °C—30 MPa, and (e) 140 °C—40 MPa.

When the test temperature and pressure are 25 °C—0 MPa and 50 °C—10 MPa, the
main fracture of the specimens is approximately straight and passes through the center of
the disc. The specimens are fractured along the loading direction and are evenly split into
two hemispheres. The fracture surface is smooth with small roughness. The fractured speci-
mens maintain good integrity. When the test temperature and pressure are 80 °C—20 MPa,
110 °C—30 MPa and 140 °C—40 MPa, the main fracture of the specimens deviates from the
center of the disc, the fracture surface roughness increases and a small number of fragments
fall off the end faces of the specimens. With increasing test temperatures and pressures, the
degree of the main fracture of the specimens deviates from the center of the disc and the
fracture surface roughness also increases.

It is evident that when the test temperature and pressure are 25 °C—0 MPa and
50 °C—10 MPa, the main fracture of the specimens passes through the center of the disc.
The specimens undergo tensile failure along the loading direction. When the test temper-
ature and pressure are 80 °C—20 MPa, 110 °C—30 MPa, and 140 °C—40 MPa, the main
fracture of the specimens initiates along and then deviates from the center of the disc, which
indicates that the specimens are subjected to tensile failure and shear failure at the same
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time. The characteristics of splitting tensile failure of cement stone specimens under differ-
ent test temperatures and pressures were analyzed. At 80 °C—20 MPa, 110 °C—30 MPa,
and 140 °C—40 MPa, the main fracture of the specimens gradually deviates from the center
of the disc. This indicates that shear failure and tensile failure occur at the same time.

3.4. Fracture Modes

After the test, the three specimens do not break into two halves. However, there is a
fracture with a length less than the diameter of the disc in the center of the specimens along
the loading direction, which is tensile splitting failure (Figure 9). Hence, we can conclude
that the failure of the specimens is mainly caused by tensile failure. Along with tensile
failure, shear failure simultaneously occurs at the end of the specimens. Therefore, the
main fracture of the specimens deviates from the center of the disc with an increase in the
testing temperature and pressure.

Figure 9. Splitting fracture surface of some cement stone specimens: (a) 50 °C—10 MPa,
(b) 80 °C—20 MPa, and (c) 140 °C—40 MPa.

3.5. Roughness of Splitting Fracture Surface

With the center of the fracture surface as the benchmark, we selected a square area with
side length of 20 mm in the fracture surface. As shown in Figure 10a, a space rectangular
coordinate system was established, with the thickness direction of the disc as the x-axis, the
diameter direction of the disc as the y-axis, and the direction perpendicular to the fracture
surface as the z-axis. Software of Geomagic Control (Santa Clara, CA, USA) and 3D Studio
Max (San Rafael, CA, USA) were used to draw the coordinates of the scanned fracture
surface points into a point cloud (Figure 10b—f).

With increasing test temperatures and pressures, the fluctuations of the splitting
surfaces of the specimens gradually increase. At the test temperatures and pressures of
25 °C—0 MPa and 50 °C—10 MPa, the areas with the greatest fluctuations appear on the
right side of the lower edge and left side of the upper edge of the splitting surface, respec-
tively. When the test temperature and pressure are 110 °C—30 MPa and 140 °C—40 MPa,
respectively, the areas with the greatest fluctuations appear in the centers of the left edge
and right edge of the splitting surface. The evolution of the position with the greatest
fluctuations did not show obvious regularity. In addition, the roughness can effectively
reflect the morphological change of the splitting surface of the cement stone. The root mean
square (Sq) [26] is often used to calculate the surface roughness:

Sq = \/ %f Z*(x,y)dxdy 3)
A
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where A is the horizontally defined area of fracture surface; Z (x, y) is the height function

that defines the fracture surface; x and y are the location coordinates.
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Figure 10. Point cloud of relative elevation of splitting fracture surface under different temperatures
and pressures: (a) space rectangular coordinate system (b) 25 °C—0 MPa, (c) 50 °C—10 MPa,
(d) 80 °C—20 MPa, (e) 110 °C—30 MPa, and (f) 140 °C—40 MPa.

At the test temperatures and pressures of 25 °C—0 MPa, 50 °C—10 MPa, 80 °C—20 MPa,
110 °C—30 MPa, and 140 °C—40 MPa, the roughness values of the specimens are 0.81,
0.88,1.01, 1.20, and 1.28, respectively. The splitting surface roughness of the cement stone
presented an increasing trend, which is inconsistent with that of tensile strength. The
quantitative characterization of roughness is an important indicator of fracture morphology.
The increase of roughness might be related to the evolution of the micro-structure of the
cement stone, which would be discussed in the following section.

3.6. Micro-Morphology

As shown in Figure 11, at a low magnification (800 times), the pores of cement stone
increase significantly with gradual increase in the curing temperatures and pressures. At a
high magnification (50,000 times) observation scale, the pore structure of the cement stone
with the curing temperature and pressure of 25 °C—0 MPa, respectively, is laminated and
closely stacked, which significantly increases the density of the cement stone. With gradual
increase in the curing temperature and pressure, the pore structure of the cement stone
gradually transforms from closely stacked and laminated sheets to interconnected fiber
networks. As a result, the degree of pore connectivity is increased, and the proportion of
pores also increases. According to the microscopic morphology of cement stone observed
by SEM, the dense structure of cement stone gradually changes into a loose and porous
structure with increasing formation depth.
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Figure 11. Microstructure of cement stone under different curing temperatures and pres-
sures: (a) 25 °C—0MPa, (b) 50 °C—10 MPa, (c) 80 °C—20 MPa, (d) 110 °C—30 MPa, and
(e) 140 °C—40 MPa.

3.7. Pore Structure

Cement stone has a porous structure. The porosity and pore size distribution of cement
stone has a significant impact on its strength. To quantitatively analyze the pore structure
of cement stone under different curing temperatures and pressures, mercury porosimetry
was used to measure the porosity of the specimens. Considering the impact of different
pore sizes on the strength of cement-based materials, the pore size could be classified into
four levels [27]. According to the classification, a pore with a diameter less than 20 nm is
harmless; a pore with a diameter of 20-50 nm is less harmful; a pore with a diameter of
50-200 nm is harmful; and a pore with a diameter more than 200 nm is the most harmful.

The research of Li [28] showed that the pore structure of cement stone is affected both
by the curing temperature and pressure. When the curing pressure is constant, if cement
stone is cured at high temperatures, the average pore diameter and proportion of pores
with larger diameters are significantly greater than those in cement stone cured at low
temperatures. When the curing temperature is constant, in cement stone cured at high
pressure, the average pore diameter and proportion of pores with larger diameters are
significantly lower than those in cement stone cured at low pressures. This indicates that
an increase in the curing temperature can reduce the compactness of the pore structure of
cement stone, while an increase in curing pressure improves the compactness.
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As shown in Figure 12, at the curing temperatures and pressures of 25 °C—0 MPa,
50 °C—10 MPa, 80 °C—20 MPa, 110 °C—30 MPa and 140 °C—40 MPa, the porosity of
the specimens is 15.96%, 17.54%, 20.15%, 25.71% and 29.46%, respectively. When the
curing temperatures and pressures are increased from 25 °C—0 MPa to 50 °C—10 MPa,
the porosity of the specimens increases slowly by 9.9%. As the curing temperatures
and pressures are further increased from 50 °C—10 MPa to 80 °C—20 MPa and from
110 °C—30 MPa to 140 °C—40 MPa, the porosity of the specimens increases rapidly by
14.88% and 14.59%, respectively. When the curing temperatures and pressures increase
from 80 °C—20 MPa to 110 °C—30 MPa, the porosity of the specimens increases rapidly
by 27.59%. It could be inferred that the porosity of cement stone would grow with an
increase in the formation depth, which is consistent with the observation results of SEM.
This indicates that the temperature plays a leading role in the determination of porosity of
cement stone, which overpowers the compaction effect of increasing pressure.

30

25

Porosity(%)

I/.

15F

25,0 50, 10 80, 20 110,30 140, 40

Curing temperaturce and pressurce(°C, MPa)

Figure 12. Porosity of cement stone under different curing temperatures and pressures.

As shown in Figure 13, the pore size of the cement stone is mainly distributed in the
range of 10-100 nm. With an increase in the curing temperatures and pressures, the peak
value of pore size distribution is 21.1, 9.06, 19.95, 32.39, and 32.39 nm, respectively, which
do not show obvious regularity. However, when the curing temperatures and pressures are
increased from 50 °C—10 MPa to 110 °C—30 MPa, the peak value of pore size distribution
of cement stones gradually increases.
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Figure 13. Pore-size distribution curves.
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Considering that the proportion of pore size of cement stones obtained by MIP is
relative, we multiplies the porosity to calculate the absolute value of the proportion of pore
size of cement stones (Figure 14). As shown in Figure 14, with an increase in the curing
temperatures and pressures, the proportions of harmless pores and less harmful pores are
14.46%, 15.99%, 18.72%, 22.07% and 24.26%, respectively. The proportions of harmful pores
and the most harmful pores are 1.50%, 1.55%, 1.43%, 3.64% and 5.20%, respectively.

25

1

|:| <50 nm
] >50nm

20

10 1

Void ratio(%)

25,0 50,10 80,20 110,30 140,40
Curing temperature and pressure(°C, MPa)

Figure 14. Void ratio of cement stone under different curing temperatures and pressures.

As the curing temperatures and pressures increase, the proportions of harmless pores
and less harmful pores in cement stones showed an obvious increasing trend. In con-
trast, the proportion of harmful pores and the most harmful pores basically remains
unchanged when the curing temperature and pressure increase from 25 °C—0 MPa to
80 °C—30 MPa, and rapidly increases when the curing temperature and pressure increase
from 110 °C—30 MPa to 140 °C—40 MPa.

4. Discussion

With an increase in the curing temperature and pressure, the pore structure of cement
stone gradually transforms from closely stacked laminated sheets to interconnected fiber
networks. The dense structure of cement stone gradually becomes loose and porous. The
porosity gradually increases, which has a strong impact on the tensile strength. When the
porosity is greater, the tensile strength of the rock is reduced [29]. At the same time, the
proportions of pores with different sizes in cement stone also change. With an increase in
the curing temperature and pressure, there is a reduction in the proportion of the most
harmful pores in cement stone, which have the greatest impact on the strength of cement-
based materials. The reduction in the proportion of the most harmful pores can improve the
mechanical properties of cement-based materials to a certain extent. The test temperatures
and pressures also have a substantial influence on the mechanical properties of cement
stone. Thus, the pore structure of cement stone after curing and the test temperature and
pressure jointly affect the tensile strength of cement stone. With an increase in the formation
depth, under the joint impact of the pore structure of cement stone and the formation
temperature and pressure, the tensile strength of cement stone increases rapidly in the
range of depths from 0 to 2000 m, increases slowly from 2000 m to 3000 m depth and
decreases gradually from 3000 m to 4000 m depth.

5. Conclusions

In this study, splitting tensile tests of cement stone cured at different temperatures
and pressures were carried out at different test temperatures and pressures. The splitting
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tensile strength of cement stone at depths from 0 to 4000 m and the failure characteristics
after splitting were studied. The roughness of fracture surface after tensile failure was
measured using the 3D scanner. The pore structure was studied using SEM and MIP. The
main conclusions are:

(1) At the test temperatures and pressures of 25 °C—0 MPa and 50 °C—10 MPa, the yield
failure stage is not obvious in the stress curve. The cement stone exhibits typical brittle
failure. At the test temperatures and pressures of 80 °C—20 MPa, 110 °C—30 MPa,
and 140 °C—40 MPa, the cement stone becomes more ductile.

(2) At the test temperatures and pressures of 25 °C—0 MPa and 50 °C—10 MPa, the main
fracture in cement stone passes through the center of the disc and tensile failure occurs.
When the test temperatures and pressures are 80 °C—20 MPa, 110 °C—30 MPa, and
140 °C—40 MPa, the main failure mode is tensile failure, accompanied by plastic
shear failure.

(38) The fracture surface roughness of cement stone increases gradually with an increase
in the test temperature and pressure. Additionally, the fracture surface roughness in
cement stone cannot be predicted only by the tensile strength and is also affected by
the pore structure, test temperature and pressure.

(4) With an increase in the curing temperature and pressure, the porosity of cement stone
gradually increases. The pore structure of cement stone gradually transforms from
closely stacked laminated sheets to interconnected fiber networks. The dense structure
of cement stone gradually becomes loose and porous.

(5) Under the joint influence of the pore structure and the formation temperature—pressure
environment, the tensile strength of cement stone rapidly increases at depths from 0
to 2000 m, slows down at depths from 2000 to 3000 m and decreases at depths from
3000 to 4000 m.
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