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Abstract

Concrete, as a widely used construction material, suffers from performance degrada-
tion due to chloride penetration and sulfate attack in harsh environments. Conventional
performance-enhancing methods are costly and emit high levels of carbon dioxide. This
study modified graphene oxide (GO) with polycarboxylate superplasticizer (PCE) alone or
PCE synergized with a rubber viscosity reducer, optimized dispersion (50 ◦C water bath for
1 h), and prepared C50 modified concrete (500 kg/m3 cementitious materials, w/b = 0.33).
GO contents were 0%, 0.001%, 0.003%, 0.005%; a group with 8% reduced cementitious
materials (460 kg/m3) was also tested. Results showed PCE-viscosity reducer synergy
better dispersed GO, improving concrete workability. GO accelerated cement hydration via
nucleation, refining C-S-H gel and reducing porosity. At 0.005% GO, 56 d drying shrinkage
dropped by 29.3% vs. the blank, and 56 d chloride penetration electric flux was 586 C,
meeting 100-year service life. Sulfate resistance also improved with higher GO content.
Even with 8% less cementitious materials, modified concrete outperformed the blank. This
provides support for GO’s application in cement-based materials.

Keywords: graphene oxide (GO); concrete modification; dispersibility; durability; chloride
ion penetration; sulfate attack

1. Introduction
Cement-based materials are the most traditional and widely used building materials

in today’s society. As a typical representative, concrete materials are widely used in
roads, bridges, houses, water conservancy and other engineering fields [1]. However,
with prolonged service life, cement-based materials undergo varying forms and degrees
of damage in diverse environments. Due to the cumulative destructive effects of multiple
factors, the surface of the concrete structure becomes cracked, peeled off, broken or even
disintegrated, causing serious impacts on buildings and greatly reducing their lifespan.

The erosion environment faced by western saline soil and marine engineering is more
complicated. In recent years, it has been found that some marine concrete structures
designed for the service life of 100 years have been corroded and damaged by seawater for
more than 50% over a decade, resulting in a significant reduction in their service life [2].
Especially in seawater, which contains a large amount of sulfate and chloride ions [3], it can
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accelerate the corrosion of steel bars and reduce the service life of concrete. In the saline
soil areas of western China, buildings often encounter the destruction of sulfate ion erosion
that sulfate enters the interior of cement stone through the pores and reacts with hydrated
calcium silicate (C-S-H) and calcium hydroxide (CH) to produce corrosion products such
as gypsum and ettringite (Aft) [4], causing the hydration products to decompose and lose
their bonding properties. At present, improving the durability of concrete is still one of
the current research hotspots. Therefore, improving concrete durability is crucial for the
sustainable development of the cement and building-materials industry.

Research has been conducted on the poor durability of concrete, aiming to improve
its strength and durability, reduce maintenance costs and extend its service life. Currently,
there are mature application solutions available. For example, adding fibers to concrete
can improve its mechanical properties, reduce shrinkage [5–7], and enhance its ability to
resist splitting and fracture [8]. Appropriate cement varieties, concrete mix ratios, and
lower water–cement ratios are selected based on the service environment of the building
to enhance or improve the corrosion resistance of concrete [9–12]. The use of mineral
admixtures with pozzolanic activity can increase the yield of hydration products and reduce
the porosity of cement stone, thereby improving the resistance to salt ion erosion. However,
improving the performance of concrete by adding cement, fiber or mineral admixtures
is bound to increase the cost of concrete and consume a large amount of energy. In 2021,
the global cement industry produced approximately 4.3 billion tons, consuming about 3%
of the world’s total energy consumption, and emitted approximately 2.6 billion tons of
CO2, accounting for about 7% of the world’s total carbon emissions [13,14]. Researchers
have found that producing one ton of cement clinker consumes approximately 52 kWh of
electricity and emits 550 kg of carbon dioxide [15]. Additionally, the production process of
concrete requires a large amount of cement and consumes a significant amount of electricity,
which further exacerbates greenhouse gas emissions [16]. Therefore, exploring more energy-
efficient and environmentally friendly ways to enhance the performance of cement-based
materials is of great practical significance for prolonging their service life and reducing
carbon emissions, and has become one of the current research hotspots.

Due to surface effects, dielectric confinement effects, volume effects, and quantum size
effects, nanomaterials have shown wide applications in interdisciplinary fields, including
biomedical, electronic devices, metals, coatings, building materials, and biosensing—a
rapidly developing field that has recently made significant progress. Their unique physical
and chemical properties, such as high specific surface area and adjustable surface functional
groups, make them an ideal choice for high-sensitivity biosensors that can quickly detect
biomolecules and pathogens. For example, Kurmendra [17] pointed out that 2D GO has
superior biosensing sensitivity and polymer-mediated dispersion strategies, similar to PCE
modification in this study. Lee et al. [18] developed a GO-CNT hybrid biosensor, in which
1D CNT reduced GO accumulation, providing a reference for optimizing the dispersion of
GO in concrete.

The progress of these biosensing technologies highlights the core technological chal-
lenges faced by cement modification: dispersion control and surface functionalization.
For example, the dispersion of GO induced by PEI in biosensors [17] is consistent with
the strategy mediated by PCE, while GO surface groups [18] that promote the binding of
biological receptors also promote the nucleation of C-S-H gel in cement.

In addition to biosensing, nanomaterials such as carbon nanotubes and nano silica
have been explored for use in cement composites, but they face aggregation issues [19,20].
In contrast, the high aspect ratio and abundant functional groups of 2D GO make it
more effective in microstructure refinement. The success of GO in biosensing further
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confirms its potential in specific modification, bridging the gap in interdisciplinary research
on nanomaterials.

Although nanomaterials can effectively improve various properties of cement-based
composites, the impact of nanomaterials with different dimensions on their properties
varies. Especially zero-dimensional nanomaterials, due to their low aspect ratio, lack the
ability to capture and control nano-scale microcracks. The diameter of one-dimensional
nanomaterials is relatively small, but its length can reach the centimeter level, making its
aspect ratio exceed 1000 [21], which tends to agglomerate and has a negative impact on the
performance of cement-based materials.

Reduced graphene oxide (rGO) lays the foundation for understanding the interac-
tion between two-dimensional nanomaterials and C-S-H, which is consistent with the
core mechanism explored in this study. Valizadeh Kiamahalleh et al. [22] experimentally
demonstrated that rGO, with its surface epoxy and alkoxy functional groups, can serve
as an effective heterogeneous nucleation site for C-S-H. It enhances the hydrophilicity of
rGO, facilitating the penetration of water molecules into the cement micro-nano structure,
thereby accelerating hydration and increasing the formation of C-S-H crystals. At the
atomic scale, Aretxabaleta et al. [23] elucidated the role of rGO in C-S-H nucleation using
DFT (density functional theory) and MD (molecular dynamics) simulations: rGO promotes
the fusion of small silicate clusters into stable C4S4H2 structural units, which crystallize into
a dense, ordered C-S-H gel providing theoretical support for the nucleation mechanism
observed in this study.

In addition to nucleation, the groundbreaking first principle study further revealed the
basic interaction mechanism between rGO and C-S-H gel: Izadifar et al. [24] systematically
studied the combination of hydroxyl/epoxy functionalized rGO with C-S-H monomer
through DFT calculation, and found that hydroxyl rGO can selectively repair lattice defects
and form water molecules through condensation reaction, while epoxy rGO maintains
structural stability at the interface—the coulomb interaction driven by charge transfer
dominates the rGO-C-S-H bonding. At the same time, Izadifar et al. [25] reported the
first experimental evidence of enhancing the elastic properties of C-S-H by inserting rGO,
indicating that hydroxyl rGO modified snow silicate limestone has significantly increased
bulk modulus compared to pure C-S-H.

Furthermore, Zhang et al. [26] demonstrated that the two-dimensional morphology
and nucleation effect of rGO synergistically refine the microstructure of C-S-H: the for-
mation of a cross-linked C-S-H network reduces porosity and increases the compressive
strength of mortar from 55 MPa to 71 Mpa, while the flexural strength is improved by
49% and the elastic modulus is significantly enhanced. Despite these pioneering con-
tributions, research based on rGO still faces key limitations in engineering applications:
(1) rGO requires an energy-intensive reduction process, leading to higher costs and greater
environmental impact; (2) the low oxygen content of rGO reduces its dispersibility in
high-alkalinity, high-Ca2+ cement pastes, exacerbating agglomeration; (3) most studies
focus on laboratory-scale cement pastes or mortars, with limited data on full-scale concrete
(including aggregates) or scenarios involving reduced cementitious materials [26].

In contrast, this study extends the pioneering mechanism of rGO-C-S-H interaction to
more cost-effective and engineerable GO, and validates its performance in real concrete
formulations. GO is a highly complex two-dimensional nanomaterial with high elastic
modulus and tensile strength, and the aspect ratio of a single GO layer can theoretically
reach over 2000 [27]. Compared with zero-dimensional and one-dimensional nanoma-
terials, the larger surface area exposed by GO sheets provides more potential sites for
favorable chemical or physical interactions, which in turn improves the bonding between
GO layers and host materials. Therefore, it has been highly favored by researchers [28].
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Researchers have found that the incorporation of GO into cement-based materials can im-
prove their multiple properties [29]. Therefore, as an admixture in cement-based materials
to enhance their various properties, GO has gradually become a research hotspot in the
cement building-materials industry.

It is noteworthy that there are fundamental differences between GO and rGO in
terms of interfacial bonding and mechanical reinforcement. Unlike rGO, which mainly
relies on physical adsorption and interaction with C-S-H, GO retains abundant carboxyl
and hydroxyl groups, which can chelate with Ca2+ in cement paste and form stable
chemical–physical dual bonding with hydration products. In addition, GO exhibits excel-
lent dispersibility due to the inherent electrostatic repulsion of its ionized carboxyl groups,
avoiding severe agglomeration of rGO in highly alkaline cement paste [26], thus achiev-
ing uniform reinforcement and consistent pore refinement, which are key advantages in
engineering applications.

At present, many researchers have conducted extensive research on the application
of GO in cement-based materials, and the effects on cement-based materials vary. Firstly,
it is found that GO can effectively improve the strength and durability of cement-based
materials. Research has found that GO can effectively improve the strength and durability
of cement-based materials [30,31]. Devi et al. [32] studied the effect of GO content on the
mechanical and impermeability properties of concrete. It was found that when the GO
content was 0.08%, the compressive strength increased the most, and the permeability
decreased with the increase in GO content. Zhu et al. [21] used GO to prepare cement-based
composites and found that when the GO content was 0.05%, the compressive strength
could be increased by more than 15%, and the flexural strength could be increased by more
than 40%.

GO can establish effective nucleation sites for cement, promote hydration process, and
affect the crystal form of hydration products to improve the pore structure. Lin et al. [33]
analyzed the effect of GO on the hydration process of cement, and found that GO could
provide adsorption sites and nucleation sites for cement and water, which significantly
accelerated the hydration rate of cement. Li et al. [34] found that the incorporation of
GO into cement-based materials can effectively reduce the porosity of cement paste and
improve mechanical properties. At the same time, it can also promote the dissolution of
C3A (tricalcium aluminate), increase the rate of the second exothermic peak of hydration
and increase the total amount of hydration heat release. Lv et al. [35] used a scanning
electron microscope (SEM) to study the effect of GO on the microstructure of cementation
products. They found that GO can promote the formation of dense flower-shaped crystals
in hydration crystals. These flower-like crystals can fill the pores and cracks of cement
stone and produce cross-linking, so as to realize the refinement of pore structure and the
reduction in porosity.

Although GO has excellent dispersibility in water, it is still unstable and easy to
agglomerate in cement-based materials due to its small particle size and large specific
surface area, resulting in a significant reduction in its nano-enhancement effect. It has
been reported that due to the high pH and the high content of Ca2+ in the cement paste,
GO, which is well-dispersed in aqueous solution, will chelate and cross-link with Ca2+ in
the cement paste after being added to the cement paste [36]. Wu et al. [37] studied the
aggregation behavior of GO in water through molecular dynamics simulation. They found
that GO undergoes deprotonated when dissolved in water, and the electrostatic repulsion
between the ionized carboxyl groups at the edges enabled GO to disperse well. When
divalent cations enter, they will cross-link with GO, providing additional shielding for the
charged surface to reduce the electrical repulsion between particles, thereby promoting
their aggregation. Chowdhuryet al. [38] studied the effects of pH and ion concentration
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on the aggregation and stability of GO. The results showed that the presence of divalent
ions (Ca2+, Mg2+) significantly reduced the stability of GO and induced agglomeration at
high pH, leading to a decrease in stability. Liet al. [39] found that the addition of GO that
is well-dispersed in the aqueous solution to the cement paste will cause agglomeration,
which will reduce the working performance of the cement paste, resulting in no significant
improvement in the hydration of cement by GO and a decrease in the reinforcement and
toughening effect. Therefore, solving the agglomeration problem of GO in cement paste is
the core key to realize its widespread application in cement-based materials.

Therefore, considering that ordinary concrete is susceptible to chloride ion penetration
and sulfate attack in complex service environments, resulting in attenuation of mechan-
ical properties and shortened service life. At the same time, the traditional schemes to
improve the performance of concrete have problems such as high cost and large carbon
emissions. To improve the mechanical properties and durability of concrete, this study
uses polycarboxylate superplasticizer (PCE) and rubber reducer to modify GO, and pre-
pared modified concrete materials by optimizing the dispersion process. The effects of GO
dispersion on the mechanical properties, volume stability and durability of concrete were
studied, which provided theoretical and experimental support for the application of GO in
cement-based materials.

2. Materials and Methods
2.1. Materials
2.1.1. Gel Material

The cement used in this study is P.O 42.5 ordinary Portland cement produced by
Huaxin building materials group Co., Ltd. (Huangshi, China), with a median particle
size (D50) of 10.81 µm and a bulk density of 3150 kg/m3. The S95 grade mineral powder
and I grade fly ash used in this study were purchased from Wuhan VCEM Technology
Development Company Limited (Wuhan, China). The D50 of mineral powder is 12.53 µm,
and the bulk density is 2850 kg/m3. The median particle size of fly ash is 13.84 µm and the
bulk density is 2400 kg/m3. The chemical compositions are presented in Table 1, and the
results of particle-size analysis are illustrated in Figure 1.
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Figure 1. Particle-size analysis of raw materials.
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Table 1. Chemical composition of raw materials.

Materials
Chemical Composition/%

CaO SiO2 Al2O3 Fe2O3 MgO SO3 K2O Na2O Other

Cement 57.61 23.23 6.83 3.30 1.81 2.44 1.07 0.27 3.44
Mineral powder 36.82 26.75 19.66 0.32 11.10 2.65 0.29 0.84 1.20

Fly ash 3.70 47.70 37.53 4.55 0.94 1.04 1.62 0.60 2.32

2.1.2. GO

The monolayer graphene oxide (GO) dispersion used in this study was purchased
from a company in Hangzhou, China, with a concentration of 10 mg/g and a solid content
of 1%. Its appearance is a uniform dark brown emulsion (Figure 2a), indicating good
colloidal stability in aqueous solution. To systematically characterize the morphological,
structural, and chemical properties of GO, multiple characterization techniques including
Scanning Electron Microscopy (SEM) and X-ray Diffraction (XRD) were employed, with
detailed test parameters and procedures as follows:

  
(a) (b) 

 
(c) 

0 10 20 30 40 50 60 70 80 90

2-Theta=26.47°

2-Theta (degree)

GO
Graphite

2-Theta=10.65°

Figure 2. (a) Appearance of monolayer GO (b) SEM image of GO (c) XRD spectra of GO.

Scanning Electron Microscopy (SEM) observations were performed using a Quanta
FEG 250 field-emission scanning electron microscope (FEI, Hillsboro, OR, USA) to analyze
the morphological features of GO. Sample preparation: The as-received GO dispersion was
first subjected to vacuum freeze-drying at −50 ◦C for 24 h to remove residual water—this
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method avoids agglomeration caused by surface tension during air-drying, ensuring the
preservation of the original lamellar structure. The dried GO powder was then mounted on
a sample stage using conductive adhesive and sputter-coated with a 5 nm thick gold layer
to enhance electrical conductivity (preventing charge accumulation under electron beam
irradiation). Test parameters: The acceleration voltage was set to 15.00 kV (as indicated in
Figure 2b caption), and images were captured at a working distance (WD) of 9.3 mm with
a magnification of 1000×.

As shown in Figure 2b, the freeze-dried GO exhibits a typical two-dimensional (2D)
lamellar structure with a large lateral dimension (estimated to be 1–5 µm) and abundant
surface wrinkles. These wrinkles are attributed to the introduction of oxygen-containing
functional groups (e.g., carboxyl (-COOH), hydroxyl (-OH)) during the strong oxidation of
graphite: the intercalation of oxygen and hydrogen atoms between graphite layers disrupts
the ordered hexagonal lattice, leading to interlayer expansion and sheet curling during
drying. This wrinkled lamellar structure significantly increases the specific surface area of
GO, which is crucial for providing sufficient active sites for interfacial interactions with
cement hydration products (e.g., C-S-H gel) in subsequent concrete preparation.

X-ray Diffraction (XRD) analysis was conducted using a D8 Advance X-ray diffrac-
tometer (Bruker, Walzbachtal, Germany) to investigate the crystal structure and oxidation
degree of GO. Test parameters: The radiation source was Cu Kα (λ = 0.15406 nm), operating
at 40 kV and 40 mA. The scanning range was 2θ = 5–50◦, with a scanning speed of 5◦/min
and a step size of 0.02◦ to ensure high-resolution data collection. For comparison, pristine
graphite powder (the raw material of GO) was also tested under the same conditions.

As presented in Figure 2c, the pristine graphite shows a sharp and intense characteristic
peak at 2θ = 26.47◦, corresponding to the (002) crystal plane of graphite. According to
the Bragg equation (2dsinθ = nλ, where n = 1), the interlayer spacing (d002) of graphite
is calculated to be 0.336 nm, which is consistent with the theoretical value of graphite’s
layered structure and reported in recent studies [24,40]. Yalovega et al. [40] confirmed that
the (002) peak of pristine graphite typically appears at 2θ = 26.4–26.6◦ with an interlayer
spacing of ~0.335–0.337 nm, validating the purity of our graphite raw material.

In contrast, the GO sample exhibits a distinct characteristic peak at 2θ = 10.65◦, which
shifts significantly to a lower 2θ angle—indicating a marked expansion of the interlayer
spacing to 0.830 nm. This expansion is a direct result of the intercalation of oxygen-
containing functional groups and adsorbed water molecules between the graphite layers
during oxidation, which weakens the van der Waals forces between adjacent layers and
achieves effective exfoliation. Consistent with our results, Yalovega et al. [40] reported that
high-quality monolayer GO exhibits a characteristic (001) peak at 2θ = 10.5–10.8◦ with an
interlayer spacing of 0.82–0.84 nm, while Wang et al. [41] further verified that the absence
of the graphite (002) peak confirms complete oxidation.

Notably, no characteristic peak of pristine graphite (2θ = 26.47◦) is detected in
the XRD pattern of GO, confirming that the graphite raw material was fully oxidized
and no unoxidized graphite residues remain. Additionally, the GO characteristic peak
(2θ = 10.65◦) is broader than that of graphite, which reflects a decrease in crystallinity due
to the structural disorder introduced by oxidation this is consistent with the presence of
abundant functional groups and wrinkled lamellar morphology observed in SEM.

The combined SEM and XRD results verify that the purchased GO possesses the typical
structural features of high-quality monolayer GO: a large specific surface area, abundant
oxygen-containing functional groups, and complete oxidation—laying a foundation for its
effective dispersion in cement paste and interaction with hydration products.

https://doi.org/10.3390/civileng7010013

https://doi.org/10.3390/civileng7010013


CivilEng 2026, 7, 13 8 of 23

2.1.3. Other Materials

The coarse aggregate used in this study is a continuously graded gravel from a com-
mercial concrete company in Wuhan, China with a nominal particle size of 5–30 mm, tan
apparent density of 2760 kg/m3, a bulk density of 1650 kg/m3, and a mud content of less
than 1.1%. The fine aggregate used in this study is ISO standard sand that meets the require-
ments of ‘Test method of cement mortar strength (ISO method) (GB/T 17671-2021 [42]),
with a bulk density of 1600 kg/m3. The superplasticizer used in this study is high-efficiency
polycarboxylate superplasticizer (PCE) with a density of 1080 kg/m3 and a solid content of
20%. The molecular formula of polycarboxylate superplasticizer is shown in Figure 3, with
a density of 1020 kg/m3. The reagents such as NaCl, Na2SO4 and NaOH used in this study
were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China), and are all
analytically pure. The concrete reducing agent used comes from a company in Wuhan, with
a solid content of 5%. The main components are diethanol monoisopropanolamine (85%)
and triethanolamine, with a reducing rate greater than 5%. The sand used for preparing
mortar is ISO Chinese standard sand.

Figure 3. Molecular formula of polycarboxylate superplasticizer.

2.2. Mix Ratio Design

All mix ratios are designed using the volumetric mass combination method according
to JGJ55-2011 [43], which prioritizes the density characteristics of raw materials to ensure
the volumetric compatibility and target volumetric density (2450 kg/m 3) of C50 concrete.

2.2.1. Optimization of GO Cooperative Dispersion System

The synergistic dispersion of GO was achieved by using PCE and a defoaming agent
in combination. Initially, PCE and GO were mixed at mass ratios of 1:1, 3:1, and 5:1,
respectively. Subsequently, the three components were mixed and dispersed according to
the mass ratio of GO to defoaming agent at 1:1, 1:3, and 1:6, with the dispersions designated
as X, Y, and Z, respectively. Dispersion was achieved by ultrasonication for 10 min and
20 min, and heating and stirring in a water bath at 50 ◦C for 1 h and 2 h, respectively. After
reaching the set time, the dispersions were taken out, allowed to stand for 5 min, and then
tested using a UV-Vis spectrophotometer.

Observe Figure 4 for the effect of the combined addition of deflocculant and PCE on
the absorbance of the GO solution. The abscissa in the figure represents the mass ratio of
GO to deflocculant. The control group was prepared by mixing the solution evenly and
then leaving it at room temperature without any further treatment. It can be observed
that the addition of deflocculant to the PCE and GO solution increases its absorbance.
Furthermore, as the amount of deflocculant increases, the dispersibility of the solution
gradually improves, indicating that the deflocculant promotes the dispersion of GO. The
synergistic dispersion of GO by PCE and deflocculant is more effective than the dispersion
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by a single component. When the ratio of PCE/GO is 5:1, the dispersibility of the solution
is optimal.
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Figure 4. The influence of compounding PCE with a rubber reducing agent on the dispersion effect
of GO.

2.2.2. Mix Ratio Design of Ordinary Concrete

Prepare C50 ordinary concrete specimens, and design the mix ratio according to
JGJ55-2011 [43]. After referring to the design results of numerous researchers [44–46],
the following ratio is designed according to the needs of this study, the total amount of
cementitious material is 500 kg, including cement, mineral powder and fly ash. The water–
binder ratio is 0.33, and the sand ratio is 39%. The content of GO is set at 0%, 0.001%, 0.003%
and 0.005% of the total mass of cementitious materials, and each group is compiled as CG-0,
CG-1, CG-2 and CG-3, accordingly. In this study, the dispersion method of water bath
heating at 50 ◦C and constant temperature for 1 h was used to mix the materials according
to the mass ratio of PCE to GO of 5:1. Simultaneously, the mortar in the concrete is used
for drying shrinkage and autogenous shrinkage tests, with the specific mix ratio as shown
in Table 2.

Table 2. Ratio of concrete (Unit: kg/m3).

Samples GO/% Cement Mineral Powder Fly Ash Gravel Sand Water PCE

CG-0 0 320 120 60 1050 668 165 2.7
CG-1 0.001 320 120 60 1050 668 165 2.7
CG-2 0.003 320 120 60 1050 668 165 3
CG-3 0.005 320 120 60 1050 668 165 3.3
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2.2.3. Mix Ratio Design of GO Compound Reducing Agent

To explore the effect of GO dispersion mixed with reducing agent on the performance
of concrete, a reducing agent with a total amount of 0.6% of cementitious material was
added based on the recommended amount of glue reducer. In order to maintain the consis-
tency of economy and strength grade of the concrete after adding the reducing agent, the
cementitious material was reduced by 8%, the sand ratio was increased and the amount
of sand and gravel was increased while ensuring the constant water demand. The main
component of the reducing agent solvent is water, so all the reducing agent are regarded
as mixing water and included in the total water consumption. GO dispersion was heated
in water bath at 50 ◦C and kept at that temperature for 1 h. The mass ratio of reducing
agent/PCE/GO was 6:5:1, and the corresponding group numbers were C-0 (GO content
0%, cementitious material 500 kg/m3), C-1 (GO content 0.001%, cementitious material
500 kg/m3), C-2 (GO content 0.003%, cementitious material 500 kg/m3), C-3 (GO content
0%, cementitious material 460 kg/m3), C-4 (GO content 0.001%, cementitious material
460 kg/m3), and C-5 (GO content 0.003%, cementitious material 460 kg/m3). The spe-
cific mix ratios are shown in Table 3. To distinguish the independent effect of GO from
the increased water–cement ratio, Group C-3 was designed as the baseline, which had
the same water–cement ratio and mixing parameters as Groups C-4 and C-5, thus ensur-
ing that the performance differences between C-4/C-5 and C-3 were solely attributed to
graphene oxide.

Table 3. Concrete mix ratios of GO compound reducing agent (Unit: kg/m3).

Samples GO/% Cement Mineral
Powder Fly Ash Gravel Sand Water Cementitious Materials

Reducing Agent PCE

C-0 0 320 120 60 1050 668 162 3 2.7
C-1 0.001 320 120 60 1050 668 162 3 2.7
C-2 0.003 320 120 60 1050 668 162 3 2.7
C-3 0 290 110 60 1080 691 162.3 2.76 3
C-4 0.001 290 110 60 1080 691 162.3 2.76 3.1
C-5 0.003 290 110 60 1080 691 162.3 2.76 3.2

2.3. Test Methods
2.3.1. Slump Test

Weigh the materials according to the mix ratio, put them into the horizontal concrete
forced mixer, start the mixer to stir the raw materials evenly, then add water and GO
dispersion evenly and stir for 3 min. Pour the mixed concrete out of the mixer and use
the cone bucket method to test the slump and expansion of the concrete. During the test,
the mixed concrete was divided into three parts and loaded into the cone bucket. Each
time, a vibrator was inserted into the center of the bucket 25 times along the wall of the
bucket. When inserting, it needed to penetrate to the surface of the next layer. Finally, the
concrete at the mouth of the bucket was flattened, and the cone bucket was lifted vertically.
When the concrete collapsed naturally, the slump and expansion were measured. After
the test was completed, the concrete was loaded into a 100 mm × 100 mm × 100 mm
cube mold and compacted. After 24 h, it was demolded and placed in a standard curing
room (temperature 20 ± 2 ◦C, relative humidity ≥ 95%) for curing to a specified age for
subsequent mechanical performance testing.

2.3.2. Autogenous Shrinkage Test

Referring to the standard for test methods of long-term performance and durability
of concrete (GB/T 50082-2024 [47]), the development law of concrete autogenous shrink-
age was measured by bellows autogenous shrinkage tester. A bellows with diameter of
420 ± 5 mm and inner diameter of 29 mm was used as the specimen mold, and the test tem-
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perature was controlled at 20 ± 2 ◦C. After stirring the mortar, load it into the bellows, and
then immediately install it on the testing instrument. Set the instrument to automatically
sample once every 5 min with a test accuracy of 1 µm and a total test time of 7 days.

2.3.3. Dry Shrinkage Test

The drying shrinkage test was carried out according to the standard test method
for drying shrinkage of mortar (JC/T 603-2004 [48]). The specimen was demolded after
24 h of molding, and the initial length of the specimen was measured after 2 days of curing
in the standard curing room. Then, the specimen was transferred to a curing box with a
temperature of 20 ± 2 ◦C and a relative humidity of 55 ± 5%. The length of the specimen
was measured, and the length variation was calculated at 1 d, 3 d, 7 d, 14 d, 21 d, 28 d, 42 d
and 56 d, respectively. Measure the length of the specimen using a length gauge and record
the reading of the length gauge to the nearest 0.001 mm.

2.3.4. Sulfate Resistance Test

Two sets of specimens with the same mix of concrete were prepared for the same
specifications and cured in a standard curing room for 28 days. Then, they were soaked
in water and 5% NaSO4 solution, respectively, with erosion ages of 28 d, 56 d and 90 d,
respectively. After reaching each erosion age, take out the specimens and dry the surface.
Use a pressure testing machine to test the compressive strength, and calculate its corrosion
resistance coefficient according to Formula (1) to evaluate the sulfate resistance of concrete:

K f =
fcn

fc0
× 100% (1)

In this formula, K f is the corrosion resistance coefficient. fcn is the measured compres-
sive strength of a group of concrete specimens immersed in sulfate attack solution, in MPa.
fc0 is the compressive strength of a group of contrast concrete specimens with the same age
of sulfate attack specimens, in MPa.

2.3.5. Anti-Chloride Ion Penetration Test

The resistance to chloride ion penetration of concrete was tested by the electric flux
method. Prepare 3 cylindrical specimens with a diameter of 100 mm × 50 mm, and cure
them in a standard curing room for 28 d and 56 d. Seal the sides of the specimens, and
place them in an electric flux testing device. Inject 3% NaCl solution (negative electrode)
and 0.3 mol/L NaOH solution (positive electrode) on both sides of the specimens, apply
a DC voltage of 60 V, and measure the total electric flux (C) passing through the speci-
men after 6 h of curing. The final electric flux value of each group is the average of the
three parallel specimens. The smaller the electric flux, the stronger the resistance of concrete
to chloride ion penetration.

3. Results and Discussion
3.1. Slump and Expansion Analysis

The working performance of concrete directly affects its construction convenience and
forming quality. Slump and expansion are the core indexes to evaluate the workability.

Table 4 shows the test results of slump and expansion of CG series concrete. According
to the table, the flowability of concrete decreased significantly after the incorporation of GO
solution. In order to ensure the workability of concrete, the amount of water reducing agent
was appropriately increased on the basis of ordinary mix ratio in the design of concrete mix
ratio to ensure good working performance. From the table, it can be found that with the
increase in GO dispersion content, the expansion and slump of concrete gradually decrease.
Finally, the slump of each group of concrete maintained within the range of 208 ± 10 mm,
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and the expansion degree maintained within the range of 550 mm, all of which meet the
workability requirements of C50 concrete in the standard for test method of performance
on ordinary fresh concrete.

Table 4. Concrete slump and expansion/mm.

Index CG-0 CG-1 CG-2 CG-3

Expansion 570 565 556 535
Slump 223 218 213 208

When using the GO solution dispersed with PCE and reducing agent to prepare con-
crete, the water consumption should be controlled to be the same. This is because reducing
the amount of cementitious material is equivalent to increasing the water–binder ratio. In
order to ensure the consistency of concrete workability and strength grade, it is necessary
to increase the amount of sand and gravel, which is equivalent to increasing the sand ratio.
The reasonable ratioing parameters should be determined through multiple experiments,
and the slump of concrete should be controlled within the range of 210 ± 10 mm, and
the expansion degree should be about 550 mm × 560 mm. Its performance meets the
requirements of GB/T50080-2016 [49].

The effect of GO dispersed by PCE synergistic reducing agent on the workability of
concrete is shown in Table 5. Observing the data in the table, it can be found that when
the GO dosage is the same, the workability of the experimental group CG-0, CG-1, CG-2
compared to C-0, C-1, C-2 is better when using PCE compounded and reducing agent
dispersed GO solution to prepare concrete than when using PCE dispersed GO solution
alone. There are two main reasons for this phenomenon: one is that the synergistic effect
of PCE and reducing agent can significantly improve the dispersibility of GO in cement
slurry, reducing the agglomeration of GO in cement slurry. On the other hand, the main
components of PCE and reducing agent belong to surfactants. When PCE and reducing
agent enter the cement slurry, they can be adsorbed onto the surface of cement particles,
break the flocculent structure formed by cement particles, release the encapsulated free
water, reduce the dislocation resistance of cement particle dispersion, and improve the
fluidity of the slurry.

Table 5. The influence of PCE synergistic reducing agent dispersed GO on the workability
of concrete/mm.

Index C-0 C-1 C-2 C-3 C-4 C-5

Expansion 575 570 560 580 570 535
Slump 225 220 214 230 225 220

3.2. Autogenous Shrinkage

Autogenous shrinkage refers to the self-drying shrinkage of cement-based materials,
which occurs when the cement gradually consumes the free water in the internal pores and
hardens under closed conditions without exchanging water with the external environment.
This results in a decrease in relative humidity and an increase in the shrinkage force of the
capillary pores inside the material. Due to the water–binder ratio of ordinary concrete being
lower than 0.4 and the use of a large number of cementitious materials, the early autogenous
shrinkage will change greatly. Autogenous shrinkage mainly continues to develop after
the final setting of cement, and there will be a significant volume change before the final
setting of cement, mainly caused by chemical shrinkage, which is generally not considered
in the study of autogenous shrinkage. Therefore, the test results of autogenous shrinkage
are generally begin to be calculated after the final setting.
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As shown in Table 6, with the increase in GO content, the final setting time of concrete
gradually shortens, and the more GO content, the shorter the final setting time. This is
because the nucleation effect of GO accelerates the hydration process of C3S and C3A in
cement, and GO also reduces the workability of concrete, ultimately leading to the shorten-
ing of the setting time. When using the GO solution co-dispersed with PCE and reducing
agent, the well-dispersed GO solution has a more significant effect on the hydration process
of cement, further shortening the final setting time.

Table 6. The influence of different GO contents on setting time.

Samples CG-0 CG-1 CG-2 CG-3

Final setting time (min) 267 253 233 201

The effect of different GO content on the autogenous shrinkage of concrete is shown
in Figure 5. With the increase in GO content, the autogenous shrinkage showed a trend of
first decreasing and then increasing, and the autogenous shrinkage change rate was the
highest within 15 h after the final setting. The autogenous shrinkage values of each group
were 284 µm/m and 286 µm/m, respectively, which were 24.1−24.6% lower than that of
CG-0 (374 µm/m). This may be due to the fact that GO has a large tensile strength, and its
nucleation effect can promote the formation of hydration products, refine the morphology
of C-S-H gel and compact the microstructure, while inhibiting the shrinkage of capillary
pores and reducing the volume deformation. When the content of GO increases to 0.005%,
GO tends to agglomerate in the highly alkaline environment of cement slurry and adsorbs
a large amount of water, resulting in a decrease in the equivalent water–binder ratio of the
slurry and an increase in autogenous shrinkage.
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Figure 5. The influence of different GO contents on the autogenous shrinkage of concrete.

Table 7 shows the effect of PCE blended reducing agent dispersing GO on the final
setting time. Comparing C-0, C-1, C-2 (cementitious material 500 kg/m3) with CG-0, CG-1
and CG-2, it can be found that the final setting time of concrete was slightly shortened after
the addition of the reducing agent. This is because the amine components in the reducing
agent can accelerate the hydration of C3A and produce a synergistic hydration effect with
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GO. By comparing C-3, C-4, C-5 (cementitious material 460 kg/m3) with C-0, C-1, C-2,
it can be found that the final setting time of concrete was significantly prolonged after
reducing the amount of cementitious material. This is because reducing the amount of
cementitious material without reducing water consumption is equivalent to increasing the
water–binder ratio. Moreover, due to the synergistic dispersion effect of PCE and reducing
agent, it can break the flocculent agglomeration between cement particles, improve the
workability of concrete, and ultimately lead to an increase in the final setting time.

Table 7. The influence of GO dispersed by PCE synergistic reducing agent on setting time/min.

Samples C-0 C-1 C-2 C-3 C-4 C-5

Final setting time (min) 251 240 225 260 251 230

Figure 6 shows the effect of different GO content on the autogenous shrinkage of
concrete. Since the dispersion of GO by PCE synergistic reducing agent can improve
the strength of concrete and accelerate its hydration, its autogenous shrinkage is also
increasing. The experimental group C-0 only added the reducing agent but did not reduce
the amount of cementitious material used, which did not significantly promote hydration.
Therefore, its autogenous shrinkage was comparable to that of the control group. Observing
experimental groups C-3 and C-4, when reducing the amount of cementitious material, due
to the increase in the equivalent water–binder ratio, there was more free water in the pores
during the hardening of the slurry, which increased the internal wettability. Therefore, the
degree of shrinkage was lower than that of the control group CG-0. But with the increase
in GO content, the hydration rate of cement was accelerated and the autogenous shrinkage
was increased. Compared with C-2 and C-5, since GO promoted hydration and increased
autogenous shrinkage, while the equivalent water–binder ratio of C-5 was less than that of
C-2, autogenous shrinkage decreased. From this perspective, the effect of the water–binder
ratio on autogenous shrinkage is greater than that of GO content.
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Figure 6. The influence of PCE synergistic reducing agent dispersed GO on the autogenous shrinkage
of concrete.
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3.3. Drying Shrinkage

Drying shrinkage refers to the evaporation of free water in the internal pores of
concrete in a dry environment, resulting in an increase in the tension of capillary pores and
causing shrinkage. The shrinkage of the volume will lead to the formation of microcracks
inside concrete, thereby reducing its impermeability and durability. It can be observed
from Figure 7 that with the increase in GO dispersion content, the development of drying
shrinkage showed a downward trend. Among them, the change rate of drying shrinkage in
the first 7 days was the highest, which was 505.02 µm/m, 432.08 µm/m, 401.16 µm/m and
374 µm/m, respectively, accounting for 60–70% of the total shrinkage in 56 days. With the
increase in curing time, the drying shrinkage gradually decreased and tended to stabilize.
According to the analysis of the effect of GO on the hydration performance of cement,
it can be concluded that increasing the content of GO can promote the hydration rate of
cement and accelerate the internal water consumption, resulting in a greater degree of
shrinkage in the first 3 days than the blank group without GO. When the curing time was
prolonged, the drying shrinkage of the mortar prepared without GO solution is the largest
in the experimental group after 7 days due to its larger pore structure and faster water
loss. Due to the good tensile strength of GO, the nucleation effect in cement promotes
the generation of a large amount of hydration products, improves the crystal structure of
hydration products, enhances its ability to resist tensile stress, and can also fill the pore
cracks to refine the pore structure and reduce the porosity of cement stone. As the GO
content increases, with the increase in curing time, the increase in hydration products
fills a large number of pores, so that the water loss rate in the dry environment decreases,
and the shrinkage pressure of capillary pores decreases, resulting in a gradual decrease in
drying shrinkage.
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Figure 7. The influence of different GO content on the drying shrinkage of concrete.

Further analysis of the effect of GO content revealed that the drying shrinkage de-
creased significantly with the increase in GO content. At a GO content of 0.001% (CG-1), the
56 d drying shrinkage was 680 µm/m, representing a 17.1% reduction compared to CG-0
(820 µm/m). When the GO content is 0.003% (CG-2), the 56 d drying shrinkage value is
620 µm/m, which is 24.4% lower than that of CG-0. When the GO content is 0.005% (CG-3),
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the 56 d drying shrinkage value is 580 µm/m, which is 29.3% lower than that of CG-0. The
core reason for this phenomenon is the optimization of GO on the concrete microstructure:
the nucleation template effect of GO can promote the generation of hydration products,
refine the C-S-H gel, fill the internal pores, reduce the porosity and reduce the water evapo-
ration channel. The high tensile strength of GO layers can enhance the tensile resistance
of concrete matrix and suppress the volume deformation caused by drying. The strong
binding force between GO and hydration products can also improve the compactness of
the matrix and reduce the water loss in the dry environments.

As shown in Figure 8, the effect of GO co-dispersed with PCE and reducing agent
on the drying shrinkage of concrete. The 3 d autogenous shrinkage of C-3, C-4 and C-5,
which reduced the dosage of cementitious material, was 242.60 µm/m, 253.20 µm/m
and 286.69 µm/m, respectively, significantly lower than that of the other groups. This is
because the equivalent water–binder ratio of C-3, C-4 and C-5 increases, and the matrix
pores contain a large amount of unreacted mixed water. The water loss rate is slower in
the dry environment, resulting in smaller drying shrinkage in the first 3 days compared
to that of the other groups. With the extension of curing time, the water loss rate of the
sample gradually accelerated, resulting in the complete loss of water in the pores in the
dry environment. The shrinkage pressure of the capillary pores increased, which was more
likely to produce microcracks, so that the impermeability and corrosion resistance of the
concrete decreased. The C-0, C-1 and C-2, which did not reduce the dosage of cementitious
materials, generated more hydration products under the effect of GO nucleation, filled the
pores and microcracks, and made the internal structure denser. In the dry environment, the
water loss rate decreased, and the capillary shrinkage pressure decreased, resulting in less
drying shrinkage.
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Figure 8. The influence of PCE synergistic reducing agent dispersed GO on the drying shrinkage.

It is worth noting that C-3, C-4, and C-5 have identical water–binder ratios and mixing
parameters, except for the GO content. However, the shrinkage rates of C-4 and C-5 are
8.9% to 16.9% lower than that of C-3, confirming the independent shrinkage-suppressing
effect of graphene oxide.
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3.4. Analysis of Sulfate Resistance Performance

Sulfate corrosion of concrete structures is another major factor affecting their service
life. When the concrete is located in a saline–alkali area or the sulfate concentration in
the soil is too high, it will be subjected to sulfate attack, causing the concrete to expand
and crack, and ultimately become a non-bonded sandstone structure, which gradually
peels off from the building surface, leading to a decrease in matrix strength and service life.
Corrosion resistance coefficient and compressive strength are the core indexes to evaluate
the ability of sulfate resistance.

Figure 9 shows the variation curves of compressive strength and corrosion resistance
coefficient of CG series concrete after soaking in sulfate solution at different ages. The
control group was the specimen cured in the standard curing room for 28 days after
molding. The compressive strength and corrosion resistance coefficient of the samples
after 28 days of erosion showed an increase trend with the increase in GO content. In
addition, the strength of all experimental groups was improved after soaking in the ero-
sion solution for 28 and 56 days. The strength of each group was 58.4 MPa, 62.0 MPa,
69.5 MPa and 73.8 MPa, respectively. This is because the lower water–binder ratio leads
to a lower degree of hydration of concrete, and its dense internal structure makes the rate
of sulfate attack lower than the hydration rate. After 28 days of curing, the fly ash with
pozzolanic effect began to undergo secondary hydration, and the active substance in it
reacted with Ca(OH)2 to form C-S-H gel, which improved the strength. The corrosion
resistance coefficient of concrete decreases as erosion-time increases. When the erosion time
exceeds 90 days, the strength begins to decrease, indicating that sulfate erosion has begun
to play a role. The sulfate, silicate and carbonate begin to interact and consume hydration
products to produce ettringite, thaumasite and other products, leading to the destruction
of the concrete structures.
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(a) Compressive strength. (b) Corrosion resistance coefficient. 

Figure 9. The influence of different GO content on sulfate resistance of concrete.

As shown in Figure 10, the effect of GO solution dispersed with PCE synergistic
reducing agent on the sulfate corrosion resistance of concrete is shown. From this, we can
clearly find that under the same amount of gel material, with the increase in GO content,
the compressive strength and corrosion resistance coefficient also gradually increase, and
the strength is greater than that of GO solution separately dispersed by PCE under the same
content. This is because the GO solution prepared by PCE synergistic reducing agent can
be better dispersed in the cement slurry, promote cement hydration, realize the self-healing
of microcracks and pores, reduce the porosity of concrete, reduce the rate of sulfate attack,
and improve the durability of concrete. When the GO content was 0.003%, the 56 days
sulfate attack compressive strength of C-3 was 71.6 MPa, which was 22.5% higher than
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that of the control group. Because the experimental group C-3 reduced the amount of
cementitious material and increased the amount of sand, the yield of hydration product
C-S-H gel decreased. Although the compressive strength is improved, the slow increase
in strength leads to the decrease in the corrosion resistance coefficient with the increase in
erosion time.
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(a) Compressive strength. (b) Corrosion resistance coefficient. 

Figure 10. The influence of PCE synergistic reducing agent dispersed GO on the sulfate resistance.

3.5. Analysis of Resistance to Chloride Ion Penetration

Chloride ion penetration is the main cause of corrosion of reinforced concrete struc-
tures, and electric flux is a key index to evaluate the resistance of concrete to chloride
ion penetration. All electric flux data reported in this section are the average values of
three parallel specimens, ensuring the statistical reliability of the results. The chloride ion
penetration resistance of concrete is divided into five grades, as shown in Table 8, and the
electric flux of concrete with different strength grades needs to meet the corresponding
design service life requirements, as shown in Table 9.

Table 8. Anti-chloride ion permeability grade of concrete.

Grade Q-I Q-II Q-III Q-IV Q-V

Electric flux QS (C) QS ≥ 4000 4000 > QS ≥ 2000 2000 > QS ≥ 1000 1000 ≥ QS > 500 QS < 500

Table 9. Electric flux and service life of concrete.

Design Service Life 100 Years 60, 30 Years

Electric flux(C)
(56 d)

<C30 <2000 <2500
C30~C45 <1500 <2000
≥C50 <1000 <1500

As shown in Figure 11, the electric flux of CG-0 at 28 d was 1766 C and decreased
to 1125 C at 56 d, with a decrease of 36.3%. Meanwhile, with the increase in GO content,
the electric flux of concrete showed a gradual downward trend. When the concrete was
cured to 56 d, the electric flux value decreased greatly, all lower than 1000 C. When the
GO content was 0.005% (CG-3), the 28 d electric flux of concrete was 976 C, and the
56 d electric flux was 586 C, which decreased by 44.7% and 47.9%, respectively, compared
with the control group. This phenomenon confirms that GO can significantly enhance the
chloride ion penetration resistance of concrete. This is because the nucleation effect of GO
can promote the full hydration of cement, generate more dense C-S-H gel, effectively fill
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the capillary pores and harmful pores inside the concrete, reduce the porosity, refine the
pore structure, and reduce the permeability of chloride ions. The two-dimensional sheet
structure of GO can form a physical barrier layer in the concrete matrix. When the chloride
ion migrates along the pore, the GO sheet layer will increase the tortuosity of its migration
path and prolong the infiltration time. At the same time, the oxygen-containing groups
on the GO surface can chemically react with the hydration products to form a stronger
interfacial bonding force, improve the compactness of the interfacial transition zone, and
further inhibit the penetration of chloride ions. Compared to the composite materials based
on rGO reported in previous studies [26], the dual effects of chemical interfacial bonding
and uniform dispersion of GO lead to lower electric flux, as the agglomeration-induced
pores of rGO impair the chloride ion barrier performance.
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Figure 11. The influence of different GO content on the electric flux of concrete.

Combined with the analysis of Table 9, it can be concluded that the C50 concrete
(≥C50) prepared in this study needs to meet a 56 day electrical flux of <1000 C in order
to achieve the design service life of 100 years. CG-0 (without GO) had a 56 d electrical
flux of 1125 C, slightly higher than 1000 C, and can only meet the design service life of
60 years and 30 years; the groups (CG-1, CG-2, CG-3) with GO added had a 56 day electrical
flux lower than 1000 C, with CG-3 (GO content 0.005%) having the lowest electrical flux
(586 C), belonging to the Q-IV level (1000 ≥ QS > 500) in Table 5, fully meeting the
100 year design service life requirement, which confirms the significant improvement effect
of GO on the resistance of concrete to chloride ion penetration. It is worth noting that GO’s
enhancement of compressive strength here stems from the densification of microstructure,
and its potential for improving tensile strength will be further explored in the subsequent
research focusing on mechanical property optimization.

As shown in Figure 12, by comparing the groups without reducing the gel material
(C-0, C-1, C-2) with the blank group (CG-0), it can be found that the electric flux of each
group of C series was lower than that of CG-0, and it shows a downward trend with the
increase in GO content. This indicates that the synergistic dispersion of GO by PCE and
reducing agent can not only improve the workability, but also further optimize the pore
structure of concrete and improve the resistance to chloride ion penetration. This is because
the amine components in the reducing agent can be synergistically adsorbed on the surface
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of the cement particles with the oxygen-containing groups on the GO surface, promoting
hydration uniformity and reducing harmful pores. Comparing the groups with reduced
cementitious materials (C-3, C-4, C-5) with the unreduced groups (C-0, C-1, C-2), it can be
seen that under the same GO dosage, the group with reduced cementitious materials has
a slightly higher electric flux. This is because after reducing the amount of cementitious
materials, the equivalent water–cement ratio increases from 0.33 to 0.35, and the internal
porosity of the concrete increases slightly, resulting in a decrease in chloride ion penetration
resistance. However, this negative impact can be partially offset by the incorporation of
GO. By comparing C-3, C-4, and C-5, it can be observed that when the water–binder ratio
and other mixing parameters are the same, the flux of C-4 and C-5 decreases by 23.5–35.2%.
This confirms the independent role of graphene oxide in refining the pore structure and
inhibiting chloride ion penetration—a role that is independent of the influence of the
water–cement ratio.
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Figure 12. The influence of PCE synergistic reducing agent dispersed GO on the electric flux.

Overall, the electric flux of ordinary concrete without GO for 56 days was 1125 C,
which only meets the design life of 30 to 60 years. The 56 d electric flux of the modified
concrete prepared by GO is lower than 1000 C, meeting the design service life of 100 years
and effectively improving the durability of concrete. Although the electric flux of concrete
with single admixture of reducing agent and a decrease the amount of cementitious material
has increased, its design service life still meets the requirements of 30 years to 60 years of
use, which proves that the mix ratio design of compound admixture of reducing agent and
GO has both economy and durability.

4. Conclusions
This study used GO dispersion to prepare modified concrete materials, and character-

ized their properties in terms of workability, mechanical properties, volume stability, and
corrosion resistance. Through the above research, it is concluded that

(1) Slump and expansion tests revealed that GO dispersed by the synergistic combination
of PCE and a viscosity reducer exhibited superior workability compared to GO
modified solely with PCE. It is found that the GO dispersed by PCE and reducing agent

https://doi.org/10.3390/civileng7010013

https://doi.org/10.3390/civileng7010013


CivilEng 2026, 7, 13 21 of 23

can improve the workability of concrete and enhance its peaceability. Mechanical
property test results indicate that incorporating GO into modified concrete effectively
enhances concrete strength. By adding a reducing agent, the use of cementitious
materials can be reduced during the preparation of concrete.

(2) The volume stability test shows that the concrete with GO added can effectively
reduce the drying shrinkage of the concrete and reduce the loss of water in the
internal environment, thereby reducing the drying shrinkage of the concrete. It can
also reduce the microcracks caused by the increase in capillary pressure due to drying
water loss, thereby improving the durability of the concrete. Because GO has good
tensile properties, can improve the crystal form of hydration products, and improve
the degree of polymerization of hydration products, C-S-H gel has sufficient strength
to resist shrinkage pressure, and the degree of autogenous shrinkage is decreased.

(3) The chloride ion penetration resistance test shows that when using GO to prepare
modified concrete, the electric flux of concrete decreases with the increase in GO
dispersion dosage. When the GO content is 0.005%, the 56 d electric flux of concrete is
586 C, which is about 50% of that of control group. This effectively reduces electric
flux of concrete, improves the resistance to chloride ion erosion, and extends the
service life of concrete.

(4) The results of sulfate resistance show that when GO is used to prepare modified
concrete, the corrosion resistance coefficient and compressive strength increase with
the increase in GO content. When the GO content is 0.005%, the sulfate resistance
coefficient and strength are the highest. The modified concrete prepared by dispersing
GO with PCE synergistic reducing agent shows that when the amount of cementitious
material is reduced, although its strength and durability are lower than those of the
experimental group without reducing the amount of cementitious material under the
same conditions, its performance exceeds that of the control group, indicating the
feasibility of reducing the amount of cementitious material.
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