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ABSTRACT: In order to modify and optimize the performance of cement- ‘O\zo“anicunive;sai testing
based sealing materials and improve the gas drainage rate of boreholes. In this B
paper, nanosilica (NS), multiwalled carbon nanotubes (MWCNT), and
graphene oxide (GO) were used to modify cement and optimize the pore
structure. Uniaxial compression tests, X-ray diffraction (XRD), nuclear
magnetic resonance (NMR), and combined fractal theory were used to
analyze the mechanics and pore characteristics. The results show that the
synergy of the three nanomaterials promotes the generation of hydration
products such as calcium silicate hydrate (C—S—H) and ettringite (AFt),
improves the total pore fractal dimension (D,,) and seepage pore fractal
dimension (D), and optimizes the microscopic pore structure. However,
when the content of NS increases from 2 to 4 wt %, the improvement in the
mechanical properties is obviously weakened. The best ratio is where the SiO,
content is 2 wt %, the MWCNT content is 0.1 wt %, and the GO content is
0.03 wt %. Compared with pure cement, the fractal dimension increases significantly, the mechanical properties are increased by
24.7%, and the total porosity is reduced by 23.9%. This paper is of great significance for improving the efficiency of gas mining.

1. INTRODUCTION sealing materials based on the original to optimize their
performance.

To improve the performance of cement materials, prede-
cessors have conducted a series of studies. Li et al. found that a
certain amount of nanosilica (NS) can promote the early
hydration process of cement and form a dense microstructure.’
Zhang et al. found that NSs not only consume a large amount of
calcium hydroxide (CH) to form a dense calcium silicate
hydrate (C—S—H) gel but also play a role in graded filling to
improve the microstructure and mechanical properties.”®
Kooshafar et al. found that nanosilica sol has a strong
condensation in the pore space environment and the addition
of nanosilica gel and fine aggregates has a higher role in
promoting cement hydration.” Fernandez and authors believed
that the addition of NS promoted the formation of C—S—H gel
by a pozzolanic reaction with CH."° The formation of the C—S—
H gel and the filling effect of NS enhanced the densification of
the binding matrix. Arrechea et al. found that by adding 0.01 wt
% MWCNTS, the peak stress of the modified material at 7 and

To effectively curb the occurrence of coal mine gas accidents,
China often adopts technical means of gas drainage to reduce
the gas concentration in the mine. With the further development
of research, the performance of sealing materials has gradually
become the main factor affecting the sealing effect of drilling
holes."” Cement material is widely used in construction, coal,
oil, transportation, and other fields due to its advantages of low
costs and easy availability. However, in the field of sealing
materials, the inherent mechanical properties and pore structure
of ordinary cement material cannot meet the production needs.
In recent years, with the development of chemical material
science and technology, the modification of cement mortar has
received increasing attention from researchers and the
preparation technology of ultrafine cement, special cement,
and other materials has begun to develop vigorously.”* Through
research on the modification of cement mortar, materials such as
high-expansion multiple cement mortar, high-strength cement
mortar, and water-soluble polyurethane cement mortar have
been developed. To a certain extent, mortar retains the

advantages of compressive resistance, shear resistance, and Received: March 29, 2022 (©)
high strength of cement-based materials and can compensate for Accepted:  July 6, 2022 .
the dry shrinkage, rich cracks, and poor sealing effect.”’ Published: August 5, 2022 o
However, at this stage, the performance of the sealing material
still fails to meet the production needs. Therefore, it is necessary

to continue the research and development of cement-based
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28 days was increased to 26.7 and 35.9 MPa and, compared with
pure cement specimens, the peak stress increased by 5.26% and
2.02%, respectively.'' Jeevanagoudar et al. found that the
maximum Young’s modulus of MWCNTSs can reach 1 TPa,
which have great stiffness, strength, and aspect ratios and are a
good reinforcing material in mechanical properties.'> According
to research by Shi et al,,'"> MWCNTSs are a nanostructured fiber
material with excellent properties and their dispersion degree is a
decisive factor affecting the properties of composite materials.
Long et al. found that GO can promote hydration of cement,
refine the pore structure, reduce the pore content and improve
the density of cement slurry.14 Chen et al. showed that GO,
which contains rich carboxyl, hydroxyl, and epoxy functional
groups, can interact with hydration products, forming a strong
covalent bond at the cement interface thereby improving the
mechanical properties of the material."®

In recent years, a series of studies has shown that the addition
of nanofillers promotes the formation of hydration products,
improves the compactness of sealing materials, optimizes the
pore structure, reduces the formation of primary cracks and
pores, and improves the compressive strength of compo-
sites."®™"? Therefore, nanomaterials show good potential in
improving the microstructure characteristics and mechanical
properties of cement composite materials. To date, research on
the strengthening of cement-based materials has emerged, but
there are few reports on related articles about optimizing the
pore structure and improving the performance of sealing
materials through the synergistic effect of a variety of
nanomaterials.”’ ">

Therefore, the purpose of this paper is to study the mechanical
properties, strengthening mechanism, and microstructure of
cement sealing materials modified by MWCNTs, GO, and SiO,
nanomaterials. Using uniaxial compression, XRD, NMR, and
fractal theory, the mechanical properties, reinforcement
mechanism, and microstructure of the modified materials were
qualitatively and quantitatively analyzed. This paper is of great
significance to the development of borehole sealing materials
and the improvement of gas drainage efficiency.

2. EXPERIMENTAL STUDIES

2.1. Material Selection and Experimental Method. The
main raw materials of sealing materials are cement, ordinary tap
water, nanosilica (NS), multiwalled carbon nanotubes
(MWCNTs), and graphene oxide (GO). NS is a nontoxic,
tasteless, nonpolluting new inorganic chemical material that can
improve the aéging resistance and chemical resistance of other
materials.”* "> The addition of NS into cement can promote the
formation of calcium silicate hydrate and improve the strength of
the material. Because the carbon atoms in MWCNTs adopt sp”
hybridization and have the characteristics of a high modulus and
high strength, multiwalled carbon nanotubes have good tensile
and compressive properties.”’ >’ GO has the advantages of a
large specific surface area, excellent surface chemical properties,
and hydrophilicity and can improve the strength and toughness
of composites by synergistic action with other materials.””~>* In
this experiment, MWCNT's with a particle size of 10,000 mesh
NS, a sheet diameter of <30 um, a sheet thickness of 1 nm, an
outer diameter of 8—15 nm, an inner diameter of 3—5 nm, and a
length of 3—12 ym were selected as the sealing modification
material. In addition, the bulk density of MWCNTs is 0.15 g/
cm?, and the actual density is 2.1 g/cm®. MWCNTs are difficult
to dissolve in water. Therefore, PVP is added as a dispersant to

make it soluble in water, and ultrasonic dispersion technology is
used to improve the dispersion uniformity of the solution.

According to the relevant requirements of sealing, strength,
and fluidity of drilling sealing materials combined with the
advantages of a variety of nanomaterials and cement, the optimal
mix of materials was screened by orthogonal testing, as shown in
Table 1. The water—cement ratio selected in the experiment was
0.5, and the experimental equipment and process are shown in
Figure 1.

Table 1. Material Composition of Each Experimental Group

category
serial no. Si0, (wt %) MWCNTs (wt %) GO (wt %)

#0 0 0 0

#1 1 0.1 0.03
#2 2 0.05 0.03
#3 2 0.1 0.01
#4 2 0.1 0.03
#5 4 0.05 0.03

The mass ratio of polyvinylpyrrolidone (PVP) dispersant to
MWCNTSs was 6%. First, the PVP dispersant was weighed
according to different MWCNT ratio schemes and added into
water and quickly stirred to make it completely dissolved in
water. Then, MWCNTSs, GO, and NS were added into water in
turn according to the proportion shown in Table 1 and quickly
stirred for 5 min with a stirrer. The stirred solution was placed in
an ultrasonic cleaner for 15 min to disperse and then poured into
a beaker with cement and stirred well. The stirring solution was
dispersed into an ultrasonic cleaner for 15 min and finally
poured into a beaker and stirred with cement until the material
was evenly mixed. The uniformly mixed slurry was poured into a
50 X 100 cylindrical mold and demolded after standing for 48 h.
Then, the solutions were maintained for 28 days in a standard
curing environment with a temperature of 20 + 2 °C and relative
humidity of >95%. After curing, the samples were placed in
anhydrous ethanol to terminate hydration. Before the NMR
relaxation test, the samples were vacuum-saturated with water
for 12 h. When the sample was completely saturated by water,
the T, spectrum in the saturated water state was measured, and
then the saturated water samples were centrifuged and dried to
detect the T, spectra in the residual state. After the nuclear
magnetic resonance test was completed, the mechanical
properties and hydrate content of the sample were tested.

2.2. Experimental Apparatus. Figure 2 shows different
pore characterization methods with a wider range of NMR
measurements and no negative impact on the pore and
mechanical properties of the sample, so this paper uses NMR
to characterize the pore structure. In this study, the low-field
nuclear magnetic resonance analyzer used is the MesoMR low-
field nuclear magnetic resonance analyzer produced by Suzhou
Niumag Analytical Instrument Corporation by which the
nuclear magnetic resonance test is carried out. The main
magnetic field intensity is 0.5 + 0.05 T, the main frequency is
21.3 MHz, the RF power is 300 W, and the uniformity of the
magnet is 12.0 X 107 The pore structure of the cement
specimen was studied by the volume relaxation method
(transverse relaxation time T,).

For the uniaxial compression mechanics experiment, a
Shimadzu AGX-250 electronic universal testing machine
produced by Shimadzu Analytical Instrument Company is
adopted. The loading mode of the device is divided into the

https://doi.org/10.1021/acsomega.2c01900
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Cement sample preparation

Cement specimen

Figure 1. Experimental process.
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Figure 2. Different pore test methods and test scope.

displacement loading and stress loading, and the displacement
loading is used in the experiment. The detailed experimental
parameters of the equipment are as follows: loading speed of
0.05—100 mm/min, maximum sampling frequency of 3 s™',
maximum load capacity of 120 KN, axial displacement of 100
mm, and load accuracy of +0.3%.

The XRD experiment uses the D/Max2500PC X-ray
diffractometer produced by Rigaku Corporation. Main technical
parameters: angle range of 4—140°, angle reproducibility of
<0.0001°. The maximum output power is 3 KW. In the scanning
mode, the sample level does not move, and the minimum step of
the THERA/THERA goniometer is 0.0001°.

In this experiment, a vacuum-drying furnace, vacuum water
saturation device, centrifuge, high-precision electronic balance,
and small mixer are also used.

2.3. Nuclear Magnetic Resonance Principle. NMR
measurements are fast, noninvasive, and nondestructive and
can be used to characterize cement specimens in imaging,
relaxation, diffusion and other aspects. The transverse relaxation
time (T,) determined by the physical properties of materials and
the characteristics of fluids is an important parameter in NMR
experiments and is used to characterize the signal attenuation
rate in pores.”® Since the low-field NMR instrument is used in
the experiment, the magnetic field gradient can be ignored.
Thus, the transverse relaxation time T, can be expressed as

11 —p§
v (1)

TZ TZS

In the formula, T, is the relaxation time of water in the pore;
T, is the relaxation time of the surface; p, is the relaxation
strength of the lateral surface of the rock; S is the total surface
area of the rock pore; Vis the pore volume; and S/V is the ratio
of the pore surface area to volume.**

T, distribution is closely related to the pore size. The
transverse relaxation time T, value is proportional to the pore
radius, and the pore size distribution can be calculated from the
distribution of the transverse relaxation time T, value.”>”® The
distribution of signal peaks in the T, spectrum reflects the
development characteristics of material pores; the peak position
reflects the pore size; the peak area reflects the pore volume; and
the n131;nber of peaks reflects the continuity of pores at all
levels.”

https://doi.org/10.1021/acsomega.2c01900
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3. EXPERIMENTAL RESULTS AND DISCUSSION

3.1. Mechanical Property Analysis. A uniaxial compres-
sion test of the material was carried out to study the synergistic
effect of the three nanomaterials screened by orthogonal
experiments on the mechanical strength of the sealing material.
Pure cement specimens and nanomaterial-modified cement
specimens were selected for experiments and numbered #0, #1,
#2, #3, #4, and #5. The sample number corresponds to the
number in Table 1, and the original data for each specimen are
shown in Table 2.

Table 2. Parameters of Experimental Samples

material sample length sample diameter sample quality
number (mm) (mm) (g)

#0 100.53 51.22 344.56

#1 101.11 50.46 382.43

#2 101.22 51.01 381.83

#3 100.19 50.95 382.05

#4 100.22 50.12 383.21

#5 100.08 50.33 381.65

Figure 3 shows the stress—strain curve obtained under the
uniaxial compression test. The failure process of cement
specimens under loading is divided into four stages. The OA
section is the initial loading stage, the stress gradually increases
from 0 MPa, and the specimen is gradually compacted until the
cracks and pores are closed. The AB section is the stage when the
specimen enters the stage of elastic deformation, and the stress—
strain curve approximately changes to a straight line. The BC
segment cracks entered the accelerated expansion stage. The
internal portion and surface slightly crack and move as the stress
increases, and the movement is intensified within a specific range
until the peak stress is reached. Point C is the peak stress point,
and after point C is the failure stage where the crack propagation
is accelerated.

In the initial period of the OA segment, the original fractures
and larger pores in the sample began to close under relatively
small loads. With the continuous increase in stress, the cement
specimens began to generate tiny cracks, and the slope of the
curve began to increase to the end of point A.***” Samples #1,
#2, #3, #4, and #5 have different degrees of reduction in the
initial loading stage compared with #0 of a pure cement
specimen. The reduction in the initial loading stage indicates
that the pores and cracks of the specimen are reduced, and the
compactness and mechanical properties of the material are
improved. Compounds #1 and #2 have a small decrease in the
initial loading stage compared with the pure cement specimens;
#3, #4, and #5 have a larger decrease, and #3 has the most
obvious effect, indicating that the synergistic effect of adding
three different ratios of nanomaterials to cement has a significant
effect on reducing the cracks and macropores inside the cement
parts. The reasons may be as follows: first, the addition of NS
promoted the formation of hydrated calcium silicate, and
MWCNTs bridged the hydration products and blocked the
capillary pore structure, thus forming the overall network
structure, improving the microstructure, and reducing the pore
connectivity. Second, NS plays the role of ultrafine aggregate,
filling the pores around the clinker and the pores of hydration
products, thus optimizing the pore structure of the compo-
sites.*”*" Furthermore, GO promotes the formation of tiny and
regular hydrated crystal structures,*” which reduces the number
of large pores (>50 nm) and rapidly increases the number of

smaller pores (<50 nm) so that the main pores of the cement
slurry decrease and the pores tend to be uniform.*

After point A, the mixture began to enter the stage of elastic
deformation, and with the continuous increase in load, the
fracture and cracks in the cement sample began to spread
uniformly. There is negligible impact on the integrity of the
material within the limits it can withstand. The BC part is the
accelerated crack propagation stage, the cracks continue to
propagate in the vertical direction, and the cracks in the
nonvertical direction begin to appear and cross with the cracks in
the vertical direction. The integrity of the sample is
compromised, and the fracture network displays unstable
propagation in the sample until point C reaches the peak stress.
After point C, the sample enters the destruction stage. The
stored energy reaches the limit that the material can withstand
and is quickly released outward, causing the fracture network
connecting the longitudinal cracks and the transverse cracks to
rupture, and the material loses its structural integrity.

Table 3 shows that the addition of various nanomaterials
increases the early compressive strength. The mechanical
properties of the cement specimens with curing periods of 7
and 28 days were relatively consistent, and the order of strength
was #4 > # 2 > #3 > #1 > #5 > #0. The optimal proportioning
scheme selected by orthogonal tests for the three different
nanomaterials showed different degrees of improvement in the
early and later mechanical properties compared with the pure
cement specimens. Taking the curing period of 28 days as an
example, the mechanical properties of #1, #2, #3, #4, and #5
increased by 8.93%, 21.05%, 16.31%, 24.7%, and 4.89%,
respectively, compared with the mechanical properties of #0
of pure cement. The mechanical properties of the #4 modified
material ratio scheme have the largest increase, while #5 has the
smallest increase of 4.89%.

The comparison of different proportions of nanomodified
materials found that, based on #1, #3 increased the SiO, ratio
from 1 to 2 wt %, reduced the GO ratio from 0.03 to 0.01 wt %,
and improved the mechanical properties by 7.38%. With #2 and
#4 as the control group, we can conclude that the MWCNTs
increased from 0.05 to 0.1 wt % and the compressive strength of
the material increased by 3.65%. Comparing #4 and #3, the
mechanical properties of GO content increased to 0.03 wt %, an
increase by 8.39%. That is, the antipressure performance of 2 wt
% SiO,, 0.1 wt % MWCNTs, and 0.03 wt % GO within the range
of the optimal ratio can be improved the most. Therefore, the
optimal ratio of the synergistic effect of the three nanomaterials
is 2 wt % SiO,, 0.1 wt % MWCNTSs, and 0.03 wt % GO as shown
by the mechanical properties. The SiO, ratio of #5 increases
from 2 to 4 wt %, the mechanical properties of #5 were slightly
larger than those of pure cement specimens, and the
improvement of mechanical properties was far less than that
of other nanomodified materials. This is because the addition of
SiO, in a certain range can consume a large amount of CH to
form a dense C—S—H optimized pore structure, but excessive
SiO, will cause agglomeration and reduce the uniformity of the
specimen texture, which affects the peak stress.**

The modulus of elasticity can reflect the ability of the material
to resist deformation. The greater the modulus of elasticity is,
the stronger is the ability of the material to resist complex
external factors.**® The elastic moduli of experimental groups
#1, #2, #3, #4, and #5 were 5.16, 5.30, 5.47, 5.65, and 5.02 GPa,
respectively. Compared with the pure cement sealing material
(4.97 GPa), the elastic modulus increased by 3.82%, 6.64%,
10.06%, 13.68%, and 1.01%. The relationship between the

https://doi.org/10.1021/acsomega.2c01900
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Figure 3. Stress—strain curves of drilling sealing materials with different nanomaterial ratios.

Table 3. Peak Stress of Sealing Materials under Different
Curing Times

peak stress under
different curing

times (MPa) #0 #1 #2

7 d peak stress 25.58  28.68  33.09
28 d peak stress ~ 38.62  42.07  46.75

#3

31.02
44.92

#4 #5
33.82 27.74
48.16 40.51

elastic modulus and material compactness is shown in Figure 4.
The elastic modulus of the material is negatively related to the

27995

porosity, and the value of the elastic modulus gradually
decreases as the porosity increases. Therefore, the synergistic
effect of nanomaterials improves the elastic modulus of
materials, reduces the porosity of materials, and has a positive
effect on the deformation resistance of materials.

3.2. X-ray Diffraction Analysis. Figure 5 shows the use of
XRD to detect the main chemical and mineral components
formed in cement under the synergistic effect of multiple
nanomaterials. As shown in Figure 5, the main characteristic
peaks include SiO,, ettringite (AFt), calcium hydroxide (CH),

https://doi.org/10.1021/acsomega.2c01900
ACS Omega 2022, 7, 27991-28002
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Figure S. Comparison of XRD curves of drilling sealing materials with
different nanomaterial ratios.

tricalcium silicate (C;S), and CaCOj; phases. These typical
hydration products are consistent with other research results
and do not produce new hydration products.””**

Cement consumes a large amount of mineral components
such as silicate and gypsum in the early stage of hydration and
generates a large amount of hydrates such as C—S—H, CH, and
AFt. The hydration products C—S—H and AFt in Portland
cement can optimize the microscopic pore structure, while CH
easily dissolves to form a porous structure and weakens the
binding force between the C—S—H gel and concrete
particles.*”*® Due to the negative charge interaction between
MWCNTs and OH™', the electrostatic repulsion between
MWCNTs and superplasticizer molecules is affected, causing
MWCNTs to agglomerate and reduce the strength of the
modified material. Therefore, excessive CH in the modified
material will have a greater negative impact on the strength. The
addition of NS promotes the hydration reaction of cement,
consumes calcium hydroxide, promotes the conversion of
calcium silicate hydrate, and increases the C—S—H gel content
at the interface between MWCNTs and the cement matrix.” >

In the modified composite material, the intensity of the #4
CH peak reached the minimum, which indicates that the
strongest pozzolanic reaction occurred in the sample, which
consumed a large amount of CH to generate C—S—H gel. Due
to the oxygen-containing functional groups on the surface of
GO, CO, and H,0 will be released during the hydration

increasing the compactness and mechanical properties of the
material. As the content of C;S increases, C;S participates in the
hydration reaction to generate more C—S—H gel and CH at
room temperature. Then, more CH and SiO, participate in the
reaction, and the subsequent participation in the hydration
reaction will generate more C—S—H gel.>*** The order of
diffraction peak 261/4 22° of the tricalcium silicate (C,S) peak
of the cement mortar sample in Figure S is #4 > #2 > #3 > #5 >
#1 > #0, compared with the 201/434° diffraction peak
characterizing the C—S—H gel content where this view is also
confirmed. The synergistic effect of SiO, and GO nanomaterials
has a better promotion effect on the formation of C—S—H
gel.>>® Figure S shows that the #4 modified material with the
ratio of 2 wt % SiO2, 0.1 wt % MWCNTs, and 0.03 wt % GO
produced more hydration products such as C—S—H gels and Aft
compared to the other samples. Therefore, the filling effect of
the microscopic pore structure is the best, which is also
consistent with the performance of the mechanical properties.

From the above analysis, NS and GO can be seen to promote
the hydration reaction of cement under the condition of a
synergistic effect in cement composite materials. C;S, CH,
gypsum, and other mineral components in cement are
consumed to generate AFt, C—S—H gel, and other hydration
products, which fill the microscopic pore structure and improve
the compactness of the material. The hydration reaction
mechanism is shown in Figure 6.

" The cement sample
Dg Enhance the chemical equation of material
@
= compactness
aF The hydration reaction
< [
o® .l CH+ Si0,= C;S+H:0
¢
,:> 2C,S+6H=C-S-H+3CH
CO,+CH= CaCO,+ H,0
C-S-H CH+Si0,+H,0—C-S-H
——— C,A+CaS0,-2 H,0 + CH+ H,0 — AFt

Where : C-S-H and AFt is Fill micropore

{ E) Ca(OH), © sio, @ Hé)/

e _

Figure 6. Mechanism of the hydration reaction of cement-based
materials.

3.3. NMR Analysis and Discussion. 3.3.1. Material
Porosity Characteristics. The porosity of the six groups of
specimens was measured through experiments. Table 4 shows

Table 4. Porosity of Sealing Materials in Different Proportion
Schemes

sample #0 #1 #2 #3 #4 #5
porosity (%) 4.56 3.84 4.17 3.97 3.47 3.66

the total porosity of each experimental group. The average
porosity of the common cement material was 4.56%, and the
total porosities of #1, #2, #3, #4, and #S decreased by 15.8%,
8.5%, 12.9%, 23.9% and 19.7%, respectively, by adding different
ratios of GO, SiO,, and MWCNTs. Compared with the
relatively single ratio of #1, #2, and #3, #4 and #S have smaller
porosities and the decrease in seepage pore volume is more
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Figure 7. NMR curves under different nanomaterial ratios.
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obviously reduced to 29.54% and 23.75%, respectively. The
changes in these parameters show that the synergistic effect of
the three nanomaterials can better optimize the pore structure of
the sealing materials.

Figure 7 shows the porosity component and cumulative
porosity curve where FFI and BVI represent the free fluid index
(free water) and bound volume index (bound water),
respectively, in pores.”” Bound water corresponds to adsorption
pores (capillary pores) that are not easy to drain; free water
corresponds to seepage pores. In this paper, BVI is used to
represent the ratio of the volume of adsorbed pores
corresponding to the bound water in the specimen to the total
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pores, and FFI represents the ratio of the percolation pore
volume corresponding to the free fluid to the total pore volume.

The T, cutoff value is a relaxation time threshold that divides
the T, spectrum into two parts: bound water and free water. The
size of this value is positively related to the number of adsorption
holes and negatively correlated with the number of seepage
pores. The method for determining the cutoff value of T, is
shown in Figure 7. Due to the decrease in total porosity, the FFI
value of the seepage pore volume decreases relatively, and the T,
cutoff values of experimental groups #1, #2, #3, #4, and #S are all
shifted to the right in the coordinate axis compared with
experimental group #0, indicating that the number of seepage
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Figure 8. Pore fractal dimension curve based on NMR measurements.

holes is further reduced. The space volume ratio of the free fluid
in the material is relatively reduced, and the space volume ratio
of the bound fluid is relatively increased. Since the pore structure
of the adsorption space is much more complicated than the pore
structure of the seepage space, macroscopically, the pores of
macropores and mesopores in the material can be considered to
be closed or the pore volumes of macropores and mesopores are
reduced, the difficulty of gas passing through the material is
increased, and the compactness is further improved. That is,
within a certain ratio range, the addition of three different

nanomaterials is beneficial to reducing the generation of
macropores and mesopores and improving the compactness of

the material.

3.3.2. Characteristics of the Fractal Dimension of NMR. As
shown in Figure 8, the cutoff time T,  of T, represents the
boundary between the bound fluid pores and the free fluid pores
of the cement specimen. T,. can divide the logarithmic
relationship curve between S, and T, into two parts,
corresponding to adsorption pores and seepage pores. Based
on the correlation between the adsorption pores and the seepage
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pores, the fractal dimensions related to the adsorption pores and
the seepage pores are calculated with T, as the boundary.”>>”
The fractal dimension of NMR of the cement sample is divided
into D,,, based on the saturated water state, D,, based on the
bound water state, and D, based on the free water state,
corresponding to the fractal dimension characteristics of total
pores, adsorption pores, and seepage pores. The fractal
dimension D,, (2.2539—2.2707) based on the saturated water
state has an average value 0f2.2623, and the fractal dimension D
(2.9761—2.9917) based on the free water state has an average
value of 2.9889, both of them conforming to the characteristics
of the fractal dimension. The correlation coeflicient of linear
fitting of the fractal dimension of the seepage pores (0.8482—
0.8630) is greater than the correlation coefficient of the total
pores (0.4279—0.4406), so their fractal characteristics are more
obvious. Because the D, value based on the state of bound water
is not in the range of 2—3, it will not be discussed in this article.

The size of the fractal dimension can reflect the complexity of
the pore structure and the gas adsorption ability. The
experimental data analysis shows that the fractal dimension of
cement-based materials is negatively correlated with porosity.
When the fractal dimension is in the range of 2—3, the closer it is
to 2, the weaker the anisotropy, the more uniform the pore
structure, and the better the connectivity between the pores.
Conversely, the closer the fractal dimension is to 3, the more
complex the pore structure of the specimen, the stronger the
anisotropy, and the better the sealing.60

Table S shows the fractal dimension size of different cement-
based sealing materials. The D, and D, values of the

Table S. Fractal Dimension of Materials Based on NMR
Spectra

based on saturated water based on seepage water

sample R? D,, R* D,
#0 0.4335 2.2539 0.8630 2.9869
#1 0.4406 2.2652 0.8596 2.9903
#2 0.4339 2.2546 0.8567 2.3987
#3 0.4330 2.2615 0.8569 2.9893
#4 0.4405 2.2708 0.8567 2.9940
#5 0.4279 2.2653 0.8482 2.9917

nanomodified materials #1, #2, #3, #4, and #5 all have different
degrees of increase compared with the pure cement specimen
#0. The reason for this phenomenon may be that nanoSiO, and
GO have large specific surface areas with numerous hydro-
carbon groups and unsaturated bonds and they can be adsorbed
in the pores and promote the formation of hydration products in
the pores. Furthermore, the generated C—S—H gel, AFt, and
other hydrates are attached to the MWCNTSs to form a network
structure to inhibit the generation of cracks and pores, hinder
the communication between pores, and increase the uneven and
irregular pore morphology in the sample. The fractal dimensions
D,, and Dy increase, which increases the difficulty of pore
permeability. Therefore, within a certain proportion range, the
content of nanomaterials in cement specimens is positively
correlated with fractal dimensions D,, and D, and negatively
correlated with the porosity of cement samples.

Through orthogonal experimental comparison, the synergistic
effect of adding graphene oxide, SiO,, and MWCNT nanoma-
terials to the material is found to promote the generation of
hydration products such as AFt and C—S—H gel and attachment
to MWCNTSs to form a network structure, which optimizes
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microscopic pores. With increasing D,, and D, values, the
material pores are more complicated, the difficulty of gas passing
through the pores increases and the sealing performance is

improved.

3.3.3. Relationship between Material Porosity, Peak Stress,
and Fractal Dimension. As shown in Figure 9, the fractal
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Figure 9. Relationship between the peak stress and fractal dimension.

dimension has a linear positive correlation with the peak stress.
Si0,, MWCNT, and GO nanomaterials enhance the con-
nectivity between the internal aggregate of the sealing material
and the binder, resulting in an increase in the fractal dimension.
The synergistic effect of nanomaterials makes the hydration
products and MWCNT s form a network structure to strengthen
the mechanical strength of the material. Therefore, the peak
stress and fractal dimension of the material increase accordingly.

Figure 10 shows the relationship between the porosity, elastic
modulus, and fractal dimension. Both the porosity and elastic
modulus are negatively correlated with the fractal dimension.
With the increase of the fractal dimensions D, and D, the total
porosity and seepage porosity of the material decrease and the
adsorption pores increase, making the distribution of pores more
complicated, and the compactness of the sealing material itself is
improved. As the pore complexity of the sealing material is
increased, the connectivity is reduced, and the source of large
pores and cracks generated by external force is reduced.
Therefore, the ability of the sealing material to resist
deformation is improved, and the elastic modulus value is also
increased accordingly.

4. CONCLUSIONS

In this study, NSs, MWCNTSs, and GO were mixed into cement
composite materials in a certain proportion to modify the
cement. Through uniaxial compression, XRD, NMR, and other
technologies, the porosity of the material and the microscopic
aspects of hydration products were combined with the
macrophysical properties of the material for qualitative and
quantitative analysis. The main conclusions are as follows.

(1) Compared with pure cement specimens, the total porosity
of nanocement-based modified materials decreased to
varying degrees, which played a positive role in improving
the peak stress. Among these specimens, the total porosity
of modified material #4 with the optimal ratio of 2 wt %
NS, 0.1 wt % MWCNTs, and 0.03 wt % was reduced by
23.9%, the relative porosity was reduced by 8.16%, and
the mechanical properties were improved by 24.7%.
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Figure 10. Relationship between the porosity, elastic modulus, and fractal dimension.

(2) When the mass percentage of SiO, in the nanocement-
based composite modification materials increases from 2
to 4 wt %, the increased mass percentage will have a
negative effect. The peak stress of the material under
uniaxial compression decreases from 46.75 to 40.51 MPa
with a decrease ratio of 13.35%, which may be due to the
addition of excessive SiO, producing an agglomeration
phenomenon, resulting in a decrease in the homogeneity
of the specimen, thereby affecting the peak stress.

(3) As the addition of nanomaterials consumes a large
amount of mineral components such as C;S, CH, gypsum,
etc., hydration products such as C—S—H gel and AFt are
generated. The hydration products and MWCNTs
together form a network structure to optimize micro-
scopic pores and effectively inhibit the formation of
macropores, mesopores, and cracks.

(4) The synergy of nanomaterials increases the total pore
fractal dimension (D,,) and the seepage pore fractal
dimension (D,). The fractal dimension is negatively
correlated with the porosity and positively correlated with
the peak stress. Therefore, the synergistic effect of the
three nanomaterials optimizes the pore structure of the
sealing material and reduces the pore connectivity. The
density and mechanical properties of the material are

improved.
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