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Abstract. In the context of rapid urbanization and industrialization, subterranean 

engineering frequently encounters geotechnical challenges, particularly when 

dealing with weak soil layers, such as loose silty sand. These layers are problem-

atic due to their poor permeability and low mechanical strength. Although ce-

ment-based solidification methods are prevalent for improving soil properties, 

they may prove inadequate under certain extreme conditions. This study explores 

the solidification efficacy of graphene oxide (GO) alone, and in conjunction with 

silica fume (SF), on silty sand by integrating varying proportions of GO and SF 

into cement-based composite materials, with a focus on assessing their influence 

on the impermeability and mechanical properties of the solidified soil. The find-

ings revealed that the incorporation of GO alone markedly decreased the perme-

ability coefficient and enhanced the early bending and compressive strength of 

the solidified soil. Optimal impermeability and mechanical performance were at-

tained at a GO concentration of 0.06%, attributed to GO’s high specific surface 

area and superior adsorption capacity, which effectively filled internal soil voids 

and ameliorated the microstructure. When GO and SF were added together, the 

solidified soil’s performance improved, especially at an SF content of 10%. No-

tably, even with reduced GO content, a significant decrease in permeability co-

efficient was observed, indicating a synergistic effect between the materials. The 

concurrent addition of GO and SF also had a positive impact on bending and 

compressive strength, notably enhancing the early and intermediate mechanical 

performance of the solidified matrix. After a curing period of 28 days, the growth 

trends of bending and compressive strength decelerated. Microscopic examina-

tion indicated that GO and SF addition optimized the pore structure of the solid-

ified soil, diminishing macropores and augmenting micropores, thereby reducing 

the permeability coefficient and bolstering impermeability. X-ray diffraction 

(XRD) analysis demonstrated that although the addition of GO and SF did not 

alter the primary hydration products in the solidified soil, it facilitated the cement 

hydration reaction, leading to increased formation of hydrated calcium silicate 

gels and other hydration products, thereby enhancing the compactness and me-

chanical strength of the solid matrix. 
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1 INTRODUCTION 

With the rapid development of national economic construction, the speed, type and 
scale of various underground engineering construction in China are also developing 
vigorously with an unprecedented attitude[1-3]. The scope of infrastructure construction 
is continuously expanding, leading to the inevitable encounter with various types of 
soft soil layers in practical engineering. Among these, the silty soil layer is particularly 
problematic, as its poor impermeability and low shear strength make it prone to water 
seepage in deep excavation support, underground spaces, and other structural projects 
[4,5]. In soft soil solidification technology, cement is the material of choice [6], particu-
larly for engineering applications focused on water stoppage and seepage control. In 
practical engineering, the effectiveness of soft soil stratum solidification using grouting 
materials is assessed not only by the strength of the consolidated body but also by its 
impermeability and durability [7]. Among cement grouting materials, due to their low 
cost, high stability, and widespread availability, and the ability to be enhanced with 
additives like bentonite, lime powder, silica fume, fly ash, and blast furnace slag, not 
only is the performance of the grout improved, but the cost of grouting is also reduced, 
alleviating environmental pressure from industrial waste. The strategic use of industrial 
waste residues in cement-based materials fosters resource conservation and environ-
mental protection. Simultaneously, it promotes the innovation and advancement of 
grouting technology, contributing to the achievement of carbon peaking and carbon 
neutrality objectives [8]. 

SF is a by-product formed during the manufacturing of metallic silicon or ferrosili-
con alloys in electric arc furnaces [9].Due to its superior physical and chemical proper-
ties, SF has been extensively utilized as an admixture in cement mortar and concrete [10-

13]. Nasr et al. [14] analyzed the impact of high silica fume content on the mechanical 
properties and durability of cement mortar. They found that incorporating a high pro-
portion of silica fume significantly enhanced the mechanical performance and durabil-
ity of the cement mortar. The study also highlighted that silica fume improves the over-
all performance of the material by increasing the micro-density of the cement mortar 
and enhancing the hydration reaction. Jiang et al. [15] studied the effect of ultrafine wol-
lastonite powder on the properties of cement-based materials. They discovered that in-
corporating ultrafine wollastonite powder significantly improved the compressive and 
flexural strength of cement materials, while also enhancing their durability. The study 
explained that ultrafine wollastonite powder enhances the overall performance of the 
material by promoting the hydration reaction of cement and optimizing the microstruc-
ture of cement-based materials. He et al. [16] explored the impact of silica fume as an 
admixture on the impermeability and mechanical properties of cement-based cutoff 
walls. Their research found that adding silica fume significantly improved the imper-
meability of the cutoff walls. This improvement is attributed to the fine particles in 
silica fume filling the micro-pores in the cement-based materials, reducing porosity, 
and thereby decreasing permeability. 

In recent years, the incorporation of nano-materials into cement-based materials has 
sparked significant interest among researchers[17,18].GO is notably characterized by its 
large specific surface area, with its lamellar edges and surfaces being rich in oxygen-
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containing functional groups [19].Scholars have incorporated GO as an admixture in ce-
ment-based materials, conducting extensive research on enhancing the mechanical 
properties and durability of cement-based composites[20-23]. Mokhtar et al. [24] investi-
gated the reinforcing effect of graphene oxide nano-sheets on cement-based materials 
and their mechanism of action. The addition of graphene oxide nano-sheets signifi-
cantly improved the mechanical properties of cement-based materials, including com-
pressive strength, tensile strength, and flexural strength. It also enhanced the durability 
and crack resistance of the materials, reducing structural damage. Mohammed et al. [25], 
through further research, found that the addition of graphene oxide can reduce the po-
rosity of cement-based materials, thereby decreasing the permeability of water and 
other harmful substances. This improvement is primarily attributed to the microstruc-
tural network formed by graphene oxide within the cement matrix, which enhances the 
microstructure of the material and improves its compactness. However, the majority of 
these studies have concentrated on the effects of single GO blending, with a lack of 
systematic research on the properties of cement-based materials under various blending 
conditions. Future research should aim to more comprehensively assess the influence 
of GO on the properties of cement-based materials, with a particular focus on its role 
in multi-component composite systems. 

Since the 1970s, significant advancements have been achieved in the research on the 
application of cement-solidified soil. Currently, the studies concerning the mechanical 
properties, deformation characteristics, and microscopic mechanisms of cement-solid-
ified soil have reached a mature stage. This material is extensively utilized in founda-
tion anti-seepage projects, demonstrating its vast potential for application. In recent 
years, researchers both domestically and internationally have extensively investigated 
the mechanical properties and impermeability of cement-solidified soil [26-28], aiming to 
enhance its value for engineering applications. 

Therefore, this study focuses on silty sand as the subject, solidifying it by incorpo-
rating cement and various additives. Laboratory tests were conducted to examine the 
impact of GO and a combination of GO/SF on the permeability coefficient and me-
chanical strength of the solidified bodies created with cement-based materials. Tech-
niques such as nuclear magnetic resonance (NMR), scanning electron microscopy, and 
X-ray diffraction (XRD) were employed to investigate the solidification mechanisms 
of water-cement-based materials modified with GO and SF. 

2 TEST 

2.1 Test Material 

The cement used in the study is P.O 42.5 ordinary Portland cement, manufactured by 
Taiyuan Shitou Cement Co., Ltd., with its main parameters detailed in Table 1. GO, 
acquired in a solution state with a concentration of 10mg/ml, is industrial-grade single-
layer GO from Suzhou Carbon Graphene Technology Co., Ltd., with some of its phys-
ical properties listed in Table 2. Silica fume, produced by Gongyi City Baichuan Envi-
ronmental Protection Engineering Co., Ltd., also has its primary parameters presented 
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in Table 1. The soil material for the study was sourced from the Liuxiang subway sta-
tion excavation site in Taiyuan, subsequently dried, pulverized, and sieved through a 
2mm mesh to prepare the test soil. The basic physical properties of the utilized silty 
sand are provided in Table 3, with the water content of the test soil determined to be 
20.30%. The water glass solution, produced by Wuxi Yatai United Chemical Co., Ltd., 
has a density of 1.38 g/ml, a modulus of 2.4, and a concentration of 50° Bé, which was 
diluted to 35° Bé prior to testing. Distilled water was used for the tests. 

Table 1. Chemical components of cement and silica fume 

Material 
Mass fraction/(%) 

SiO2 Al2O3 CaO Fe2O3 MgO SO3 Na2O Loss 

Cement 24.99 8.26 53.84 4.03 3.71 2.51 0.35 2.31 

Silica fume 96.16 0.30 0.03 0.07 0.10 - 0.08 - 

Table 2. Physical parameters of graphene oxide 

Morpho-
logical 

Fine-
ness 

Lay-
ers 

Layer  
Diameter 

Thick-
nesses 

Carbon 
content 

Oxygen 
content 

Sulphur 
content 

liquid >95% 1-2 10-50μm ~1nm <50% >42% <4% 

Table 3. Basic physical indicators of experimental soil 

Water 
content 

(%) 

Natural 
density 
(g/cm3) 

Pore 
ratio 

Liquid limit 
wL(%) 

Plastic limit 
wP(%) 

Plasticity 
index 

Ip 

Permeability  
coefficient 
(10-6cm/s) 

20.30 1.88 0.77 22.52 15.21 7.31 23.95 

2.2 Test Scheme 

The experiment focused on assessing the impermeability and mechanical properties of 
silty sand particle solidified bodies using cement-based grouting materials modified 
with a GO-SF blend, which represent critical engineering performance indicators of 
cement-soil composites. Consequently, the primary tests conducted included the per-
meability coefficient test, flexural strength test, and compressive strength test. To elu-
cidate the impact of GO alone and in combination with SF on the impermeability and 
mechanical properties, a detailed and rational mix ratio scheme was established. Based 
on prior experimental data, the water-to-cement ratio was set at 0.4, with the water glass 
solution constituting 50% of the cement's volume fraction, and cement making up 50% 
of the silty sand particles' mass fraction. Drawing from extensive prior research, the 
GO content was determined to be 0.03%, 0.06%, and 0.09% of the total mass of the 
cement slurry, while the SF content was set at 0%, 6%, 8%, and 10% of the cement's 
mass. 

2.3 Preparation of Sample 

The impermeability test adopts φ 50mm × H 50mm three-lobe die, and the strength test 
adopts 40mm × 40mm × 160mm triple prism die. 

Study on Optimization of Silty Sand Soil Properties by Graphene             499



According to the test plan, the pre-weighed cement, SF, and silty sand particles are 
placed into a mortar mixer and mixed for 60 seconds to ensure thorough blending. The 
corresponding GO solution is then dispersed into 80% of the test water and subjected 
to ultrasonic dispersion for 10 minutes. Subsequently, this GO solution, along with the 
remaining water and the specified sodium silicate solution, are added to the mortar 
mixer and stirred for 180 seconds to achieve uniform consistency. The mixture is then 
poured into the prepared plastic mold in three layers and vibrated on a vibration table 
for 1 minute to ensure that the slurry uniformly and densely fills the mold. The surface 
of the mold is leveled with a scraper, and the test block is placed in a standard curing 
box to cure. The permeability tests are conducted at 12 and 24 hours, while the strength 
tests are carried out at 3, 7, and 28 days. Each test is conducted with three parallel 
samples to ensure consistency and reliability of the results. 

2.4 Test Method 

Permeability Test.  
The permeability coefficient is a key metric for assessing the water-conducting ca-

pacity of soil, indicating the ease with which water can pass through the soil matrix. In 
cement-stabilized soil, the permeability coefficient plays a pivotal role, impacting not 
only the stability and durability of engineering structures but also bearing significance 
for environmental protection and sustainable development. By controlling and optimiz-
ing the permeability characteristics of cement-stabilized soil, enhanced application out-
comes can be achieved in civil engineering practices. PN3230M environmental ge-
otechnical flexible wall penetrometer is used for permeability test. 

After saturation using a vacuum saturation device, the osmotic test is conducted at 
four different osmotic pressures: 100 kPa, 150 kPa, 200 kPa, and 250 kPa, with the 
confining pressure set to exceed the osmotic pressure by 50 kPa. Once the permeation 
rate stabilizes, the permeation rates under the four pressure differentials are measured 
and recorded in accordance with the standard ASTM-D5084-10. The permeability co-
efficient k (cmꞏs-1) is then calculated using equation (1)： 

𝑘 ൌ
∆ொLఘg

A∆௉∆௧
                          (1) 

Where: Q is the seepage flow within the time t used for seepage, cm3; L is the 
height of the test block, cm; ρ is the density of water at 4℃, g/cm3; g is gravitational 
acceleration, N/kg; A is the cross-sectional area of the test block, cm2; P is the pres-
sure corresponding to head difference, kPa. 

Because the viscous force of water will be affected by the ambient temperature, it is 
necessary to convert the calculated permeability coefficient k into 20℃ permeability 
coefficient k20, which is converted according to equations (2) and (3).     

𝑘ଶ଴ ൌ 𝑅T ൈ 𝑘                             (2) 
𝑅T ൌ 2.2902ሺ0.9842்ሻ/𝑇଴.ଵ଻଴ଶ               (3) 

Where: k20 is the modified permeability coefficient of 20℃, cm/s; RT is the correc-
tion coefficient of water temperature 20℃; T is the water temperature during infiltra-
tion, ℃. 
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Strength Test.  
In cement-stabilized soil, mechanical strength plays a crucial role, significantly im-

pacting the material's load-bearing capacity and structural stability, while also being 
vital for enhancing the durability of the project and environmental sustainability. The 
chemical reaction between cement and soil leads to the formation of a high-strength 
structure in the stabilized soil, which can effectively withstand substantial loads and 
resist environmental degradation, thereby maintaining long-term structural integrity. 
Therefore, precise control of the mechanical strength in cement-stabilized soil is essen-
tial for ensuring the quality of the engineering project and safeguarding environmental 
protection. DYE-300S computer automatic constant stress flexural and compressive 
testing machine produced by Wuxi Dejiayi Test Instrument Co., Ltd. was used for 
strength test. 

Strength test shall be carried out according to the method specified in standard 
GB/T17671-2021. Firstly, the surface of the test block is wiped clean, and the flexural 
strength is tested at a loading speed of 50 N/s until the test block is destroyed; Immedi-
ately, the compressive strength of the broken test block was tested at a loading speed 
of 2.4 kN/s until the test block was destroyed, and the experimental data were screened 
according to the specification requirements. Samples were taken from the center of the 
compressive crushing specimen to prepare for the subsequent scanning electron micro-
scope test and X-ray diffraction test. 

Microscopic Experiment.  
To investigate the pore size and distribution within the solidified body as well as its 

chemical composition, microscopic experiments were conducted using X-ray diffrac-
tion and nuclear magnetic resonance tests. The XRD analysis was performed using a 
Malvern PANalytical Aeries X-ray diffractometer, while the NMR tests were carried 
out using a porous media flow-solid coupling analysis and imaging system. 

3 RESULTS AND ANALYSIS 

A total of 14 groups of proportioning tests were set up, and the test results were shown 
in Table 4, in which C1 and C2 were control tests. 

Table 4. Test results 

Group GO(%) SF(%) 

Permeabil-
ity  

coefficient 
(10-8cm/s) 

Flexural 
strength(MPa) 

Compressive 
strength(MPa) 

12h 24h 3d 7d 28d 3d 7d 28d 
C 1 0 0 7.79 5.77 2.04 3.11 4.22 5.44 7.98 11.65 
C 2 0 10 3.83 2.86 2.85 4.19 5.40 8.25 10.65 15.77 
G 1 0.03 0 6.64 4.85 2.13 3.22 4.43 6.16 8.62 12.81 
G 2 0.06 0 4.82 3.44 2.40 3.71 5.08 7.09 9.26 14.82 
G 3 0.09 0 3.80 2.53 2.58 3.55 4.84 7.78 10.03 13.55 
G 4 0.03 6 4.47 3.06 2.55 3.74 4.92 7.63 9.21 14.60 
G 5 0.06 6 3.12 2.17 2.91 4.32 5.38 8.50 10.84 16.47 
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G 6 0.09 6 2.07 1.50 3.10 4.12 5.15 9.33 11.64 15.76 
G 7 0.03 8 3.31 2.33 2.91 4.08 5.41 8.02 10.14 15.83 
G 8 0.06 8 2.32 1.61 3.32 4.45 5.92 9.04 11.92 18.14 
G 9 0.09 8 1.41 0.94 3.50 4.71 5.67 9.64 12.80 17.11 
G 10 0.03 10 2.88 1.82 3.14 4.32 5.63 8.66 10.95 16.47 
G 11 0.06 10 1.60 1.14 3.55 4.73 6.17 9.58 12.92 19.23 
G 12 0.09 10 0.91 0.61 3.76 4.94 5.92 10.34 13.95 18.25 

3.1 Effect of Single Doping GO on Properties of Consolidated Body 

Influence and Analysis of GO single Doping on Permeability Coefficient of Seep-
age Consolidation Body.  

Fig. 1 illustrates the permeability coefficient of consolidated samples at different 
curing ages with varying GO concentrations. The figure indicates that the permeability 
coefficient of the consolidated body decreases with an increase in GO content for curing 
ages of 12 hours and 24 hours. Specifically, at a GO content of 0.03%, the permeability 
coefficients of the solidified body at 12 hours and 24 hours curing ages decrease by 
14.76% and 15.94%, respectively, compared to the C1 control group. With a 0.06% 
GO content, the reductions in permeability coefficient are 38.13% and 40.38%, respec-
tively. At a 0.09% GO content, the permeability coefficient decreases by 51.22% and 
56.15%, respectively. However, when the GO content exceeds 0.06%, the rate of de-
crease in permeability coefficient begins to slow down, suggesting that the impact of 
GO on reducing the permeability of the consolidated body tends to stabilize beyond 
this concentration. 

The analysis indicates that GO efficiently fills the pores within the consolidated 
body, thereby enhancing its compactness and improving its microstructure, which in 
turn effectively inhibits the creation or expansion of seepage channels. Due to its high 
specific surface area and adsorption capacity, GO can adsorb water molecules, imped-
ing their movement and diffusion within the consolidated body, and consequently re-
ducing its permeability coefficient. Furthermore, an appropriate quantity of GO can be 
uniformly distributed in the grouting materials. GO not only facilitates the cement hy-
dration reaction through its abundant functional groups but also forms strong bonds 
with hydration product gels in various regions, courtesy of its extensive lamellar struc-
ture. This interaction significantly enhances the cohesive integration of hydration prod-
ucts across different regions, thereby improving the overall structural integrity of the 
solidified body. 
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Fig. 1. Variation of solid permeability coefficient with GO single doping admixture 

Influence and Analysis of GO Single Addition on the Permeability and Mechanical 
Strength of Solidified Bodies.  

(1) Influence of Single Doping GO on Flexural Strength.  
Fig. 2 presents the flexural strength of consolidated samples at varying curing ages, 

corresponding to different GO concentrations. The figure demonstrates that the flexural 
strength of the consolidated body samples increases with the rising content of GO at a 
3 days curing age. Specifically, for the G1, G2, and G3 groups, the increase in flexural 
strength compared to the C1 control group is 4.41%, 17.65%, and 26.47%, respectively. 
However, when the GO content exceeds 0.06%, the rate of increase in flexural strength 
of the consolidated body samples begins to plateau. For the 7 days and 28 days curing 
periods, the flexural strength of the consolidated samples initially increases and then 
decreases with the increasing content of GO, peaking at a GO content of 0.06%. At this 
concentration, the flexural strength of the 7 days and 28 days consolidated specimens 
reaches maximum values of 3.71 MPa and 5.08 MPa, respectively, marking increases 
of 19.29% and 20.38% compared to the C1 control group. 
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Fig. 2. Variation of flexural strength of solid with single doping admixture of GO 

(2) Influence of Single Doping GO on Compressive Strength.  
Fig. 3 illustrates the compressive strength of the consolidated body at various curing 

ages with changes in the GO content. The data, as shown in Fig. 3, reveal that with an 
increase in GO content, the compressive strength of the consolidated body at 3 days 
and 7 days curing ages also rises. Specifically, for the G1, G2, and G3 groups, the 
increase in compressive strength at 3 days and 7 days is 13.24%, 30.33%, and 43.01%, 
and 8.02%, 16.04%, and 25.7% respectively, compared with the C1 control group. 
However, as the curing age progresses, the rate of increase in compressive strength for 
the consolidated body samples begins to decelerate. Regarding the 28 days curing age, 
the compressive strength of the consolidated body initially increases with the rising 
content of GO and then decreases, peaking at a GO content of 0.06%. At this concen-
tration, the compressive strength of the consolidated body attains its maximum value, 
which is 27.21% higher than the C1 control group. When the GO content reaches 
0.09%, the compressive strength of the consolidated body is still 16.31% higher than 
that of the C1 control group, indicating a nuanced response of the material’s strength 
to varying GO concentrations over time. 
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Fig. 3. Variation of compressive strength of solidified body with single doping admixture of 

GO 

(3) Analysis of the Influence of GO Alone on the Mechanical Strength.  
The incorporation of GO notably enhances the flexural and compressive strengths 

of the consolidated body in its early stages. This improvement is attributed to the abun-
dant oxygen-containing functional groups on the surface of GO, which offer numerous 
reaction sites for the hydration process, thereby accelerating it and rapidly boosting the 
early strength of the consolidated body. Moreover, the high elastic modulus and tensile 
strength of GO further strengthen the early mechanical properties of the consolidated 
body. The two-dimensional layered structure of GO serves as a scaffold during the hy-
dration process, aiding in the formation of more regular and compact hydrated products. 
This structural influence enhances the material's microstructure density, thereby aug-
menting the mechanical properties of the consolidated body. Additionally, as a nano-
material, GO has a small size that enables it to effectively fill micro-cracks and micro-
pores within the consolidated body. This filling action reduces the porosity of the struc-
ture, consequently improving the mechanical properties of the consolidated body. 

When the GO content increases from 0.06% to 0.09%, a decline in the flexural and 
compressive strengths of the consolidated sample at 28 days is observed, which could 
be attributed to the propensity of excessive GO to absorb substantial amounts of water. 
This absorption can diminish the fluidity of the cement slurry, hinder the thorough vi-
bration of the consolidated sample, and result in an increase in the internal porosity of 
the sample. Additionally, the large specific surface area of GO facilitates easy agglom-
eration; as its content rises, its uniform dispersion diminishes, leading to inferior inter-
facial properties between the GO and the cement paste. Furthermore, the Van der Waals 
forces between the GO nano-sheets tend to cause aggregation at higher contents, which 
introduces structural defects in the consolidated body. This poor dispersion also dimin-
ishes the ability of GO to facilitate the hydration reaction. The cumulative effect of 
these factors suggests that an excessive addition of GO can undermine its capacity to 
enhance the mechanical properties of the consolidated material. 
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3.2 Effect of GO/SF Composite Addition on the Properties of Solidified 
Bodies 

Influence and Analysis of GO/SF Blending on Permeability Coefficient of Consol-
idated Body.  

Fig. 4 depicts the effect of the combined content of GO and SF on the permeability 
coefficient of consolidated samples at various curing ages. The data indicate a general 
downward trend in the permeability coefficient of the consolidated body as the content 
of GO and SF increases. Notably, when the SF content reaches 10%, a substantial de-
crease in the permeability coefficient is observed even at a low GO content (0.03%), 
compared to using GO alone. The most pronounced reduction in the permeability co-
efficient of the consolidated body occurs at 12 hours and 24 hours when the GO content 
is increased to 0.09%. This suggests that within a certain range, augmenting the levels 
of GO and SF can effectively diminish the permeability coefficient. 

The combined addition of GO and SF significantly reduces the permeability coeffi-
cient of the consolidated body in the initial stage. GO, with its fine particles, effectively 
fills micro-pores and micro-cracks among soil particles, as well as between soil parti-
cles and hydration products. SF, on the other hand, fills larger pores and cracks that GO 
cannot, thereby enhancing the density of the consolidated body and lowering its per-
meability coefficient. Moreover, GO aids in the hydration reaction of cement, leading 
to the formation of numerous flaky calcium hydroxide crystals and contributing to a 
more compact structure by influencing the arrangement of hydration products. Concur-
rently, the presence of SF hastens the consumption of calcium hydroxide crystals and 
leads to the formation of hydrated calcium silicate gel with improved crystallinity, 
which in turn decreases the porosity of the consolidated body. As a result, there is a 
macroscopic reduction in the permeability coefficient of the consolidated body. 

 
(a) 12 hours                      (b) 24 hours 

Fig. 4. Variation of solid permeability coefficient with GO/SF compounding dosage 
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Effect of GO/SF Blending on Mechanical Strength of Consolidated Mass.  

(1) The Influence of GO/SF Blending on the Flexural Strength of Consolidated Body.  
Fig. 5 shows the influence of GO/SF content on the flexural strength of consolidated 

samples at different curing ages.  
Fig. 5 (a) reveals that, with a constant SF content, the flexural strength of consoli-

dated samples at the 3 days curing age increases as the content of GO rises. Notably, 
when the SF content is 10% and the GO content is 0.09%, the flexural strength of the 
consolidated samples at a 3 days curing age reaches its peak, exhibiting an increase of 
84.31% compared to the C1 control group, 31.93% compared to the C2 control group, 
and 45.74% compared to the G3 group. 

From Fig. 5 (b), it is observed that as the content of GO increases, the flexural 
strength of the 7 days consolidated body initially rises and then declines when the SF 
content is 0% and 6%. However, with SF contents of 8% and 10%, the flexural strength 
of the consolidated body consistently increases. This trend suggests that an appropriate 
addition of SF can effectively compensate for the shortcomings of GO in enhancing the 
flexural strength of the 7 days consolidated body. When the SF content is 10% and the 
GO content is 0.09%, the flexural strength of the consolidated body peaks, showing an 
increase of 58.84% compared to the C1 control group, 17.90% compared to the C2 
control group, and 39.15% compared to the G3 group. However, this increase is less 
than the rate of increase in flexural strength observed at 3 days of age. 

Fig. 5 (c) shows that with a constant content of SF, the flexural strength of the con-
solidated body at 28 days of age initially increases and then decreases with the rising 
content of GO. The peak flexural strength is attained when the GO content is 0.06%. 
Specifically, at a GO content of 0.06%, and SF contents of 6%, 8%, and 10%, the flex-
ural strength of the consolidated body increases by 5.91%, 16.54%, and 21.46% respec-
tively, compared to the flexural strength of the consolidated body without SF. Further-
more, with GO content at 0.06% and SF at 10%, the flexural strength of the consoli-
dated body at 28 days of age reaches its maximum, showing an increase of 45.21% 
compared with the C1 control group, 14.26% compared with the C2 control group, and 
21.46% compared with the G2 group. 

  
(a) 3d                             (b) 7d 
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(c) 28d 

Fig. 5. Variation of flexural strength of solid with GO/SF compounding dosage 

(2) Effect of GO/SF Blending on Compressive Strength of Consolidated Body.  
Fig. 6 shows the influence of GO/SF content on the compressive strength of consol-

idated samples at different curing ages. 
Fig. 6 (a) illustrates that with a constant SF content, the compressive strength of 

consolidated samples at a 3 d curing age increases as the GO content rises. Notably, 
when the SF content is 10% and the GO content is 0.09%, the compressive strength of 
the consolidated samples at 3 days of curing reaches its maximum. This strength is 
90.07% higher than that of the C1 group, 25.33% higher than that of the C2 control 
group, and 32.90% higher than that of the G3 group. 

Fig. 6 (b) reveals that with a constant content of SF, the compressive strength of the 
consolidated body at 7 d of age increases with the rising GO content, differing from the 
flexural strength trend observed at the same age. Specifically, when the SF content is 
10% and the GO content is 0.09%, the compressive strength of the consolidated body 
attains its maximum value. This represents an increase of 74.81% compared with the 
C1 control group, 30.99% compared with the C2 control group, and 39.08% compared 
with the G3 group. 

Fig. 6 (c) shows that with a constant SF content, the compressive strength of the 
consolidated body at 28 d of age initially increases and then decreases as the content of 
GO increases. The optimum compressive strength is achieved when the GO content is 
0.06%. At this GO content and SF contents of 6%, 8%, and 10%, the compressive 
strength of the consolidated body increases by 11.13%, 22.40%, and 29.76% respec-
tively, compared with the body without SF. Furthermore, when the GO content is 
0.06% and the SF content is 10%, the compressive strength of the consolidated body at 
28 days of age reaches its peak, showing an enhancement of 65.06% compared to the 
C1 group and 21.94% compared to the C2 control group. 
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(a) 3d                          (b) 7d 

 
(c) 28d 

Fig. 6. Variation of compressive strength of solid with GO/SF compounding dosage 

(3) Analysis of the Influence of Mechanical Strength of Consolidated Mass by GO/SF 
Blending.  

GO/SF blending significantly improves the flexural and compressive strength of the 
consolidated body at the early stage. Firstly, because GO and SF have smaller particle 
size and higher strength and modulus, they can fill micro-pores and micro-cracks be-
tween soil particles, hydration products, soil particles and hydration products, and SF 
can also fill some larger pores and cracks, thus improving the integrity of the structure 
and improving the early mechanical strength of the consolidated body. In addition, GO 
can not only promote the hydration reaction of cement and generate a large number of 
flaky calcium hydroxide crystals, but also adjust the arrangement of hydration products 
to make the structure more compact. The addition of SF will promote the consumption 
of calcium hydroxide crystals and generate hydration products such as hydrated cal-
cium silicate gel with higher strength and better crystallinity, which will reduce the 
porosity of the consolidated body and improve the mechanical strength. 

When the content of SF is 0% and 6%, with the increase of GO content, the flexural 
strength of 7-day-old consolidated body first increases and then decreases, while the 
compressive strength increases, which indicates that GO may improve the compressive 
strength better than the flexural strength. When the content of SF is increased to 8% 
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and 10%, the flexural strength of 7-day-old solidified body increases with the increase 
of GO content. It is possible that increasing the content of SF can make up for the 
deficiency of improving the flexural strength of GO. When the content of SF is constant 
and the content of GO is increased from 0.06% to 0.09%, the flexural strength and 
compressive strength of the consolidated samples at the age of 28 days decrease. The 
reason may be that a large amount of SF is consumed by hydration reaction in the early 
stage, and calcium hydroxide crystals can no longer be consumed in large quantities; 
The addition of GO easily absorbs a large amount of water, which leads to the increase 
of pores in the consolidated body, increases the structural defects in the material, and 
the poor dispersion also reduces the ability of GO to promote hydration reaction. 

4 MICROSCOPIC EXPERIMENTAL STUDY 

On the basis of the existing research, the changes of impermeability and mechanical 
strength of the consolidated body before and after adding GO and SF and under differ-
ent dosage conditions were deeply explored. The pore microstructure of consolidation 
body with different content of GO and SF was studied by NMR. The porosity and pore 
distribution of consolidation body with different content of GO and SF were obtained, 
and the mechanism of impermeability change of consolidation body was understood. 
Furthermore, X-ray diffraction test was used to quantitatively analyze the chemical 
composition of the consolidated body under different conditions, revealing the for-
mation of hydration products during the hydration reaction. 

4.1 Nuclear Magnetic Resonance 

Nuclear magnetic resonance (NMR) is a technology that excites nuclear spins in low 
energy states by magnetic field and radio frequency field, so as to obtain information 
about nuclei [29]. In NMR technique, the measurement of relaxation time is usually used 
to indirectly characterize the change of internal pores of samples. Relaxation time 
mainly includes longitudinal relaxation time (T1) and transverse relaxation time (T2). 
Because the measurement process of T2 is short, T2 spectral curves are usually used to 
reveal the change process of internal pores in cement-soil samples. T2 spectral curves 
can provide a detailed view of pore distribution in samples. By analyzing the data points 
on these spectral curves, the pore distribution can be accurately depicted, and its con-
version relationship is shown in the following equation (4) [30]: 
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                      (4) 

Where: R-pore radius; 
ρ2 -T2 surface relaxation strength is a constant related to soil properties; 
Fs -geometric shape factor, for spherical pores, Fs=3, cylindrical pores, Fs=2; 
S -pore surface area where water is located; 
V -the pore volume in which the water is located. 
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Therefore, the T2 spectrum curve of soil sample can reflect the pore size inside the 
sample, and NMR can be used to test the content and distribution of different pore sizes 
inside the sample [29]. According to Deng et al. [31] and Horpinbulsu [32], the pore size 
can be divided into four intervals: micropores (R ൑ 0.01μm ), small pores (0.01μm ൑
R ൑ 0.1μm), mesopores (0.1μm ൑ R ൑ 1μm) and macropores (R ൒ 1μm). 

Fig. 7 shows the T2 spectrum curves of three groups of consolidated bodies, C1, C2 
and G11, at 24h age. According to the basic principle of NMR measurement, the relax-
ation time T2 is proportional to the pore size, and the peak area below T2 spectrum curve 
represents the pore water content in T2 range. It can be seen from the figure that there 
are three peaks in the T2 curve of all consolidated bodies, which are distributed around 
0.01 ~ 8.7 ms, 40 ~ 330ms and 340 ~ 2970ms respectively. The peak of 0.01 ~ 8.7 ms 
is the most significant, which is listed as the main peak P1, and the other peaks are 
classified as secondary peaks P2 and P3, and the height change of each peak from left 
to right in the figure corresponds to the change trend of corresponding pore distribution 
respectively. 

The permeability coefficient is primarily influenced by the presence of large pores, 
hence the analysis focuses on the distribution of these larger voids. It is observed that 
at a curing age of 24 h, the solidified body of Group C1 has the highest P1 peak, corre-
sponding to a larger pore volume and size. In contrast, the solidified body of Group C2 
exhibits a lower P1 peak, indicating smaller pore volume and slightly smaller pore size, 
with the peak shifted left compared to Group C1. Group G11's solidified body has the 
lowest P1 peak, corresponding to the smallest pore volume and size, with the peak also 
shifted left relative to C1, similar to the optimized group, indicating the smallest pore 
size. The smaller pore volume and size result in a lower permeability coefficient of the 
samples, which is consistent with the conclusions drawn from permeability tests. 

 
Fig. 7. T2 curves of different solidified body specimens at 24h age 

According to formula (4), the pore size distribution of the samples can be obtained. 
Fig. 8 shows the distribution schematic of pores of different sizes at a curing age of 24 
hours, from left to right, representing micropores, small pores, mesopores, and 
macropores, respectively. As observed from Fig. 8, the majority of the pore spaces in 
all samples consist of micropores and small pores, accounting for 97% of the total, with 
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mesopores and macropores being less prevalent. Compared to Group C1, Group C2 
solidified samples show a decreased proportion of small pores and a reduction in mes-
opores and macropores, but an increased proportion of micropores, indicating that the 
addition of SF effectively improves the pore distribution, facilitating the transformation 
of small pores into micropores. In comparison with C2, Group G11 solidified samples 
exhibit a decrease in small and mesopores, with negligible change in macropores and 
an increase in micropores, suggesting that GO and SF can synergistically improve the 
pore structure, thereby reducing the permeability coefficient of the solidified body. 

 
Fig. 8. Pore size distribution of 24h age consolidated specimen 

4.2 XRD Analysis 

X-ray diffraction test was carried out on the consolidated samples of C1, C2, G2 and 
G11 after treatment, and the XRD test results of consolidated samples of C1, C2, G2 
and G11 at the curing age of 7 days are shown in Fig. 9. 

 
Fig. 9. XRD energy spectrum of solidified body at 7d age 
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The results in Fig. 9 show that the diffraction patterns of the four groups of consoli-
dated bodies are basically the same, that is, the composition of the phase composition 
in the solidified soil has not changed, including ettringite, quartz, calcium carbonate, 
albite and hydrated calcium silicate. This is basically the same as the hydration product 
of ordinary cement, except that no diffraction peak of calcium hydroxide is found due 
to pozzolanic reaction between cement and sodium silicate, cement and SF. However, 
the diffraction peak intensity of the phase corresponding to different batches of consol-
idated bodies at the same age is different, and it can be clearly seen that the diffraction 
peak of SiO2 is the strongest in each consolidated body, which shows that it accounts 
for the highest proportion in the sample composition. It may be due to the fact that the 
soil content is the majority in the consolidated body samples of different batches, and 
the soil samples contain a large number of quartz, so the diffraction peak of SiO2 is the 
strongest. 

As can be seen from Fig. 9, the addition of SF, GO or the combination of SF and GO 
will not change the types of hydration products in the consolidated body. From the 
analysis in the figure, it can be seen that the peak value of the main cement hydration 
products such as C-S-H which improve the strength of the consolidation body in C2 
group of consolidation body samples is higher than that in C1, which shows that the 
pozzolanic effect of SF promotes the conversion of cement hydration products C-H to 
C-S-H, and the generated hydration products make the consolidation body closer, thus 
improving the impermeability and mechanical strength of the consolidation body; Com-
pared with C1, the peak value of C-S-H and other main cement hydration products 
which improve the strength of cement in G2 consolidated samples is also higher, and 
the peak value of albite in consolidated samples is obviously higher, which shows that 
GO can promote the formation of cement hydration products, and at the same time 
promote the adsorption and exchange reaction between K+ attached to soil particles and 
Na+ in consolidated samples and Ca+ formed after cement hydration; The peak value of 
C-S-H in G11 group is the maximum in four groups, and the peak value of ettringite 
and albite is also significantly higher than that in other three groups, which shows that 
SF and GO can cooperate to promote the formation of cement hydration products, and 
the promotion effect is also very obvious. The formation of a large number of cement 
hydration products can not only better fill the pores between soil particles, but also 
promote some smaller soil particles to gather closely together and further become larger 
stone bodies, thus promoting the improvement of impermeability and mechanical 
strength of stone bodies. 

5 CONCLUSION 

(1) Incorporating GO into cement-based solidified bodies can significantly reduce their 
permeability coefficient and enhance early flexural and compressive strengths. The per-
meability coefficient decreases notably as the GO content increases from 0.03% to 
0.09% during the 12 h and 24 h curing periods, with the effect being most pronounced 
at a 0.06% GO content. In terms of mechanical properties, the addition of GO also 
increases the flexural and compressive strengths of the solidified body. During the 3 d 
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curing period, the flexural strength increases with the addition of GO, but during the 7 
d and 28 d curing periods, both the flexural and compressive strengths initially increase 
and then decrease, showing optimal mechanical performance at a 0.06% GO content. 

(2) As the addition of GO and SF increases, a decreasing trend in the permeability 
coefficient of the solidified body is observed. This effect is particularly noticeable when 
the SF content reaches 10%, indicating its efficacy in reducing the porosity of the so-
lidified body. A significant reduction in the permeability coefficient is also observed 
even at lower GO content levels. For flexural and compressive strengths, the combined 
addition of GO and SF positively impacts these mechanical properties. At the 3 d curing 
period, the solidified body exhibits maximum flexural and compressive strengths with 
0.09% GO and 10% SF content. This enhanced effect remains significant up to the 7 d 
curing period, suggesting that appropriate incorporation of GO and SF can significantly 
improve the early and mid-term mechanical performance of the solidified body. How-
ever, by the 28 d curing period, the growth trend in flexural and compressive strengths 
begins to slow, indicating a diminished enhancement effect of GO and SF on the me-
chanical properties of the solidified body over time. 

(3) Using NMR technology to analyze the changes in porosity and pore size distri-
bution, it was found that the addition of GO and SF to cement-based materials solidi-
fying silty sand particles effectively reduced the porosity and improved the pore size 
distribution of the solidified body. More detailed pore size analysis further revealed the 
optimization of the pore structure under the combined action of GO and SF, providing 
strong microscopic evidence for its enhanced permeability resistance. XRD analysis 
confirmed that the addition of GO and SF does not alter the types of hydration products 
in the solidified body but significantly enhances its performance by optimizing the con-
tent and structure of these hydration products. 

(4) This study primarily focuses on silty soil, but actual engineering soil layers often 
consist of more than just silty soil and may include various interlayers. Therefore, it is 
recommended to further investigate the performance under complex soil conditions. 
Additionally, while this research is centered on water permeability tests, permeation by 
alkaline or acidic water is a common phenomenon in real-world engineering environ-
ments, necessitating a deeper analysis of the permeability coefficient in alkaline or 
acidic conditions. Lastly, given that this study is predominantly based on laboratory 
experiments and real-world engineering conditions are much more complex and uncer-
tain, it is crucial to emphasize the necessity of validating and analyzing the research 
findings in actual engineering practice. 
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