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Abstract: The addition of graphene oxide (GO) and fly ash (FA) to SFRC (steel fiber reinforced
concrete) increases frost resistance. Based on the analysis of the amelioration of GO on the frost
resistance of SFRC, the improvement mechanism and the effects of GO and FA on the durability of
SFRC were studied in depth. The test blocks’ compressive strength, relative dynamic modulus of
elasticity, and mass-loss rate were tested through experiments. The pore distribution and morpholog-
ical characteristics of concrete were captured by industrial CT scanning technology. The effects of GO
and FA on the pore distribution and morphology of the SFRC are discussed. The results show that
the compressive strength of GO-SFRC(graphene oxide and steel fiber reinforced concrete)with GO
proportion of 0.03% is 28.20% higher than that of ordinary SFRC without freezing and thawing; after
100 freeze-thaw cycles, the compressive strength of the G0.03S25 increased by 31.70% compared with
the compressive strength of the G0.00S25, and pore shape of G0.03S25 presents a spherical shape and
an elliptical spherical shape; based on the data analysis of the strength loss, relative dynamic elastic
modulus loss and mass-loss rate, it is considered that the properties of ordinary SFRC are the worst
under freezing and thawing; as FA admixture increases, the porosity decreases; with FA of 30% and
GO of 0.03%, the GO-FA-SFRC has the best frost resistance, as well as most of the pores are closed
which resemble spheres and ellipsoids.

Keywords: frost resistance; graphene oxide; fly ash; synergistic effect; steel fiber reinforced concrete

1. Introduction

In the low-temperature environment, the water molecules in the micropores of concrete
are subject to the alternating action of positive and negative temperatures. The periodic
change of volume expansion-contraction will occur and eventually lead to the tensile
stress in the micropores. The long-term effect of tensile stress will make the concrete
crack, surface slurry spalling, exposed aggregate, and destroy its strength and durability.
Therefore, frost resistance is a significant index in the design of concrete structures in cold
regions. The fundamental way to improve the durability of concrete structures is to increase
compactness.

In recent years, the application of nanotechnology has become more and more popular
in different scientific fields [1,2]. Typical nanomaterials include SiO2, TiO2, Nano-Fe2O3,
nano-Al2O3, carbon nanotubes/fibers, and graphene oxide nanosheets [3]. Many studies
have proved that the addition of nanomaterials can improve cement-based compressive
strength and enhance permeability [4–12]. GO is the oxidation reaction product of graphene,
a mixture of functional groups with single sp2 hybrid carbon, carboxyl, epoxy, and hydroxyl.
It has a high specific surface area to show better performance in the hardened state of
concrete [13,14]. An appropriate amount of GO can promote the growth of hydrated
crystals of cement mortar, change the size and shape of crystals, and form a stable and
compact structure [15–18]. GO as a core point can improve hydration rate, enhance the
amount of calcium silicate hydrate (C-S-H), reduce the crystal size of Ca (OH)2, and play a
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role in regulating pore structure [19–24]. It has been studied that mechanical properties can
be improved by adding the appropriate amount of GO [25–29].

Fly ash is a fine mineral admixture in concrete, with primarily spherical and vitreous
particles. Mixing fly ash into concrete can increase compactness [30,31]. Wu Qianyun
et al. indicated that an appropriate amount of basalt fiber can improve the frost resistance
of concrete [32]. GO enhanced the activity effect of fly ash cement-based materials at an
early age [33]. Li Dongpo et al. found out that GO and SP could improve mechanical
properties of cement-based composites after freeze-thaw cycles [34]. Combined with the
characteristics of GO and FA, this paper will further study the durability of steel fiber
concrete under the conditions of freeze-thaw cycles and provide a reference for related
research and engineering application.

2. Materials and Methods
2.1. Material Parameters

This experiment used P·O42.5ordinary silicate cement and grade I fly ash, whose
chemical composition and essential physical properties are shown in Tables 1–3, respectively.
The physical properties of Shear-shaped wavy steel fibers with a size of 37 mm × 1 mm
× 0.8 mm are seen in Table 4. The size of coarse aggregate with continuous grading
is 4.75–19 mm, and its parameters are presented in Table 5. The fine aggregate is river
sand with a fineness module of 2.61. The water-reducing agent produced by Subote New
Materials Co., Ltd. (Nanjing, China) is used as an admixture, whose technical indexes are
shown in Table 6.

Table 1. Chemical composition of P·O42.5 and fly ash (%).

Category
Chemical Component

SiO2 Fe2O3 Al2O3 CaO MgO SO3 Na2O K2O Alkali
Content

Loss on
Ignition

cement 21.58 3.36 5.62 61.31 2.32 2.41 0 0 0.54 2.86
FA 49.02 6.97 31.56 4.88 0.83 0 1.05 0.73 0 0

Table 2. Physical and mechanical indexes of cement.

Density
(G/cm3)

Specific Surface
Area (M2/Kg) Fineness (%)

Setting Time (Min) Compressive Strength
(Mpa)

Breaking Strength
(Mpa)

Initial Set Final Set 3d 28d 3d 28d

3.10 360 3.8 125 180 24.0 50.5 4.7 8.3

Table 3. Physical properties of fly ash.

Fineness (45 µm) Water Demand Ratio Ignition Loss Moisture Content SO3

18% 94% 3.65% 0.3% 1.2%

Table 4. Physical properties of steel fiber.

Length (Mm) Diameter (Mm) Thickness (Mm) Strength of
Extension (Mpa) Density (G/cm3)

37 1 0.8 400 7.83

Table 5. Physical properties of coarse aggregate.

Designation Apparent Density
(Kg/cm3)

Stacking Density
(Kg/cm3) Water Absorption/%

coarse aggregate 2840 1730 0.55
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Table 6. Technical indexes of water reducing agent.

Appearance Hydroxyl (-Oh) Ph Moisture Solubility

Pale yellow to
white flaky 22~27 5.0~7.0 ≤0.5

Soluble in water
and a variety of
organic matter

GO is the product of graphene oxidation reaction, which contains many carboxyl,
hydroxyl, and oxygen-containing bases. GO is commonly used in the study of concrete
because of the larger surface area, strong interface force and good dispersion in water. The
GO was produced by Suzhou Carbonfeng Graphene Technology Co., Ltd. (Suzhou, China).
In addition, the dispersion degree of GO aqueous solution is measured by scanning, as
shown in Figure 1, and the main parameters are shown in Tables 7 and 8.
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Figure 1. Dispersion degree of the GO aqueous solution.

Table 7. Parameters of GO dispersion aqueous solution.

Purity (Wt%) Thickness (Nm) Diameter Lamella
(Nm)

The Layer
Number

Specific Surface
Area (M2/G) Appearance

>95 3.4–7 10–50 6–10 100–300 Dark brown

Table 8. Proportion of GO elements.

Components Area (CPS) Contents

C 23,326.9 68.44%
O 27,825.9 30.92%
S 467.1 0.63%

2.2. Test Design

This experiment investigated the effect of GO and FA on the durability of SFRC under
freeze-thaw cycles. The quality ratio of GO to fine aggregate was 0.01%, 0.03%, 0.05%, and
0.07%, respectively. The content of GO is 65.265 g/m3, 195.795 g/m3, 326.325 g/m3 and
456.855 g/m3, respectively. The content of fly ash replacing cement was 15%, 30%, and
45%, respectively. The fixed dosage of steel fiber was 25 kg/m3. Cubic test blocks with
dimensions of 100 mm × 100 mm × 100 mm were used. After pouring and vibrating, the
specimens were de-molded at 24 h and then placed in the standard curing box (Figure 2)
for 28 days. The mixed proportions of specimens are shown in Table 9.
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Table 9. Mix proportions of specimens (kg/m3).

Specimen Number Cement Grit Stone Water GO FA Steel Fiber Water Reducer

G0.00S25 456 687 1030.5 164 0 0 25 2
G0.01S25 456 687 1030.5 157.13 0.0687 0 25 2
G0.03S25 456 687 1030.5 143.39 0.2061 0 25 2
G0.05S25 456 687 1030.5 129.65 0.3435 0 25 2
G0.07S25 456 687 1030.5 115.91 0.4809 0 25 2

G0.01F15S25 387.4 687 1030.5 157.13 0.0687 68.4 25 2
G0.03F15S25 387.4 687 1030.5 143.39 0.2061 68.4 25 2
G0.05F15S25 387.4 687 1030.5 129.65 0.3435 68.4 25 2
G0.07F15S25 387.4 687 1030.5 115.91 0.4809 68.4 25 2
G0.01F30S25 319.2 687 1030.5 157.13 0.0687 136.8 25 2
G0.03F30S25 319.2 687 1030.5 143.39 0.2061 136.8 25 2
G0.05F30S25 319.2 687 1030.5 129.65 0.3435 136.8 25 2
G0.07F30S25 319.2 687 1030.5 115.91 0.4809 136.8 25 2
G0.01F45S25 250.8 687 1030.5 115.91 0.0687 205.2 25 2
G0.03F45S25 250.8 687 1030.5 115.91 0.2061 205.2 25 2
G0.05F45S25 250.8 687 1030.5 115.91 0.3435 205.2 25 2
G0.07F45S25 250.8 687 1030.5 115.91 0.4809 205.2 25 2

Note: G0.01F15S25 represents 0.01% of GO’s content, fly ash replacement rate is 15%, and steel fiber content is 25%.

2.3. Experiment Method
2.3.1. Freeze-Thaw Cycle Test

According to GB-T50082-2009, the specimens were soaked in clean water for 96 h,
wiped off the surface moisture and then put into the rapid freeze-thaw testing machine
(Figure 3a), with being set to freeze for 6 h at a cycle. The equipment is produced by
Tianjin Gangyuan Test Instrument Co., Ltd. (Wenzhou, China). Five freeze-thaw cycle
conditions were considered, i.e., 0, 25, 50, 75, and 100 freeze-thaw cycles. During the test, the
temperature of the specimen center should be controlled from (−18 ± 2) ◦C to (5 ± 2) ◦C.

The mass loss, relative dynamic modulus of elasticity (measured by the equipment,
seen in Figure 3b, and compressive strength loss were carried out to evaluate the frost
resistance of concrete. The equipment was produced by Tianjin Gangyuan Test Instrument
Co., Ltd. (Wenzhou, China). To assess the mass loss, the spalling amount per unit area, Mn,
is

Mn =
mn

S
(1)

where mn is accumulated dry flaking mass after ‘n’ freeze-thaw cycles and S is the surface
area of contact solution.
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2.3.2. Industrial CT Scanning

Multiscale-Voxel 450 produced by Sanying Precision Instruments Co., Ltd. (Tianjin,
China) was used for scanning concrete specimens. Avizo software was used for the post-
processing of CT data to explore the internal pore structure. In order to reduce errors
caused by boundaries and obtain accurate and effective in-situ CT data, a square slice with
the dimensions of 90 mm × 90 mm was taken as the research object without damaging the
original internal structure. Before DR Film was taken for correction, the voltage was set to
385 kV and the current to 1.3 mA. A correction scan was performed before each CT scan,
and the same parameters were selected for each scan.

2.3.3. Mechanical Property Test

Based on GB/T50081-2019, the compressive strength was captured at the cycles of 0,
25, 50, 75, and 100 using The WAW1000 electro-hydraulic servo universal testing machine
(Shanghai, China), as displayed in Figure 4. Furthermore, the loading rate for compressive
strength was 0.5 MPa/s.
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3. Results and Discussion
3.1. Macroscopic Mechanism Analysis
3.1.1. Analysis of GO on the Frost Resistance of the Ordinary SFRC
Mass Loss and Relative Dynamic Modulus of Elasticity with GO-SFRC

The mass loss of GO-SFRC concrete is shown in Figure 5a. It can be seen from Figure 5a
that the mass loss of G0.01S25, G0.03S25, and ordinary SFRC concrete (G0.00S25) increases
during the 50 freeze-thaw cycles, while the mass loss of G0.05S25 and G0.07S25 decreases.
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Moreover, the slope (the ratio of mass loss to freeze-thaw cycles) of G0.03S25 concrete tends
to be zero in the freeze-thaw process from 50 cycles to 75 cycles, which reveals the stable
frost resistance of concrete to some extent. The mass loss of GO-SFRC concrete is higher
than that of ordinary steel fiber concrete at the 25 freeze-thaw cycles. The reason may be
that micro-cracks are formed on the contact surface because the bonding force between the
steel fiber and the concrete is less than the frost heave force. However, the mass loss of all
GO-SFRC specimens at the 100 cycles of freeze-thaw is less than that of ordinary SFRC.
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same. While the curve of GO-SFRC decreases slowly in the 100 freeze-thaw cycles, com-
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Figure 5. (a) GO-SFRC mass loss variation diagram; (b) G0.00S25, G0.03S25 curve fitting.

Figure 5b displays the discreteness of G0.00S25 and G0.03S25, which given out that the
correlation coefficient R2 of G0.00S25 and G0.03S25 was 0.916 and 0.983, respectively. The
high reliability of the results provides some reference suggestions for further freeze-thaw
tests and engineering applications of concrete.

Figure 6a presents the changes of the relative dynamic elastic modulus during different
freeze-thaw cycles. It is observed that the other specimens are higher than G0.00S25, and
they gradually decrease with the increase of freeze-thaw cycles. Before 50 freeze-thaw
cycles, the relative dynamic elastic modulus of all the specimens except G0.00S25 is almost
the same. While the curve of GO-SFRC decreases slowly in the 100 freeze-thaw cycles,
compared with that of the ordinary SFRC concrete, which demonstrates that GO is effective
in improving the frost resistance of SFRC concrete in the later stage. Figure 6b shows the
correlation coefficient R2 of G0.00S25 and G0.03S25 is 0.998 and 0.989, respectively, which
indicates more minor error and higher reliability of test data.
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Mechanical Properties of GO-SFRC

Figure 7a and Table 10 show the variation of the compressive strength of SFRC concrete
with different GO content. As can be seen from Figure 7a that the compressive strength of
GO-SFRC concrete is higher than that of ordinary SFRC concrete in the same cyclic freeze-
thaw process. The compressive strength of G0.03S25 increased by 22.39% at zero freeze-thaw
cycle, compared with G0.00S25 (47.87 MPa). The strength loss of G0.03S25 was 22.14% at 100
freeze-thaw cycles. Its compressive strength is 47.78 MPa, which is approximately equal to
the compressive strength of G0.00S25 (47.87 MPa) that is not affected by freeze-thaw cycles.
The results show that GO can enhance the frost resistance of the SFRC concrete, for GO
lamellar with interweaving and crosslinking serves as a template for hydration products
to generate regular crystals and form dense microstructure [16–18,24]. This property of
GO may play an important role in pervious concrete [35,36]. The regression analysis of
Figure 7b presents a reasonable fitting degree of test data.
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Table 10. GO-SFRC compressive strength.

Go (%)
Compressive Strength Value after Freeze-Thaw Cycle (Mpa)

0 Times 25 Times 50 Times 75 Times 100 Times

G0.00S25 47.87 40.7 38.34 36.69 36.28
G0.01S25 58.2 52.48 51.21 48.51 46.2
G0.03S25 61.37 55.63 54.17 49.77 47.78
G0.05S25 57.6 52.01 51.25 46.73 45.68
G0.07S25 52 47.41 44.87 44.14 42.09

3.1.2. Analysis of GO-FA on the Frost Resistance of the Ordinary SFRC
Mass Loss of GO-FA-SFRC

Figure 8 shows the relationship between the mass loss of GO-FA-SFRC concrete and
the dosage of FA. The mass loss of GO-FA-SFRC at the same GO content first decreased
and then increased with the increase of FA content, such as G0.03F15S25, GO0.03FA30S25 and
G0.03FA45S25 at 100 freeze-thaw cycles. During the 50 freeze-thaw cycles, the mass loss of
GO-FA-SFRC concrete was below 0.4%, and then it went up dramatically. During the 100
freeze-thaw cycles, the cumulative mass loss of GO-FA-SFRC concrete was lower than that
of ordinary SFRC concrete, as displayed in Figure 8d. In a word, adding GO and FA to
ordinary SFRC concrete can reduce the mass loss of concrete.
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Figure 8. (a–c) Effect of FA-GO synergistic effect on quality loss of SFRC concrete; (d) The cumula-
tive quality loss of GO-FA-SFRC concrete changes. 

Figure 8. (a–c) Effect of FA-GO synergistic effect on quality loss of SFRC concrete; (d) The cumulative
quality loss of GO-FA-SFRC concrete changes.
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Relative Dynamic Elastic Modulus of GO-FA-SFRC

From Figure 9a–c, it can be seen that the relative dynamic elastic modulus of GO-FA-
SFRC concrete with the same FA content decreases gradually as the number of freeze-thaw
cycles increases. Combining with Figure 9d, it demonstrates that the relative dynamic
elastic modulus of G0.03F30S25 changes little, for GO with ultra-high elastic modulus and
specific surface area is used as the crystal center to form a dense network, as well as the
concrete pore is filled with FA particles in the hydration reaction. This reflects the synergistic
effect of FA and GO. The synergistic effect of FA-GO can optimize the pore structure of
SFRC concrete to a certain extent and improve the concrete compactness [27,29,37].
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Figure 10d shows that the compressive strength curve of G0.03F30S25 is significantly better 
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Mechanical Properties of GO-FA-SFRC

Table 11 and Figure 10 reveal the changes in the compressive strength of SFRC concrete
with different dosages of GO-FA. From Figure 10a–c, it can be concluded that when the
FA content is the same, the different content of FA makes the compressive strength of
the GO-FA-SFRC concrete decrease with the increase of the number of freeze-thaw cycles.
Figure 10d shows that the compressive strength curve of G0.03F30S25 is significantly better
than that of ordinary SFRC concrete during 100 freeze-thaw cycles, for FA is filled in the
grid space formed by GO [31,33]. Combining the above mass loss and relative dynamic
elastic modulus loss, it is concluded that G0.03F30S25 with 0.03% GO and 30% FA owns the
best frost resistance in this test.
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Table 11. Change of compressive strength of GO-FA concrete.

Specimen
Number

Compressive Strength Value After Freeze-Thaw Cycle (Mpa)
0 Times 25 Times 50 Times 75 Times 100 Times

G0.01F15S25 41.73 38.25 37.05 34.58 32.94
G0.03F15S25 41 37.13 35.39 33.53 32.55
G0.05F15S25 40.97 36.18 33.54 32.06 31.92
G0.07F15S25 44.19 39.39 39.13 35.49 34.22
G0.01F30S25 45.53 43.02 38.25 36.48 34.99
G0.03F30S25 46.11 43.27 40.2 38.7 36.8
G0..05F30S25 46.67 43.92 41.66 39.08 35.45
G0.07F30S25 44.8 41.59 39.91 37.11 34.84
G0.01F45S25 45.97 45.72 44.37 37.38 35.63
G0.03F45S25 43.63 43.3 43.7 36.48 34.27
G0.05F45S25 40.63 40.4 40.66 35.93 34.16
G0.07F45S25 39.4 38.98 38.17 34.65 32.59

Sustainability 2022, 14, x FOR PEER REVIEW 10 of 17 
 

0 25 50 75 100
30

32

34

36

38

40

42

44

46

48

（
）

co
m

pr
es

siv
e 

str
en

gt
h

M
Pa

freeze-thaw cycles

 G0.01F15S25

 G0.03F15S25

 G0.05F15S25

 G0.07F15S25

FA(15%)

 
0 25 50 75 100

30

32

34

36

38

40

42

44

46

48

（
）

 c
om

pr
es

siv
e 

str
en

gt
h

M
Pa

freeze-thaw cycles

 G0.01F30S25

 G0.03F30S25

 G0.05F30S25

 G0.07F30S25

FA(30%)

 
(a) (b) 

0 25 50 75 100
30

32

34

36

38

40

42

44

46

48

（
）

co
m

pr
es

siv
e 

str
en

gt
h

M
Pa

freeze-thaw cycles

 G0.01F45S25

 G0.03F45S25

 G0.05F45S25

 G0.07F45S25

FA(45%)

 
0 25 50 75 100

0

10

20

30

40

50

60

（
）

co
m

pr
es

siv
e 

str
en

gt
h

M
Pa

 freeze-thaw cycles

 ordinary SFRC
 G0.03F15S25

 G0.03F30S25

 G0.03F45S25

 ordinary SFRC
 G0.03F30S25

 
(c) (d) 

Figure 10. (a–d) Strength loss curve of GO-FA-SFRC concrete. 
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3.2. Microscopic Mechanism Analysis
3.2.1. Distribution of the Microscopic Pore Structure of GO-SFRC

In order to deeply discuss the frost resistance of GO-SFRC concrete from a microscopic
point, five samples were selected for CT scanning, including G0.00S25, G0.01S25, G0.03S25,
G0.05S25, and G0.07S25, respectively.

Figure 11 visually shows the changes in the internal pores of the concrete after GO is
added to the SFRC concrete. The pore morphology characteristics develop from pie-shaped,
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long columnar to cobblestone, ellipsoidal, and nearly spherical, which is conducive to frost
resistance, as presented in Figure 11.
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Figure 12 and Table 12 visually reveal the changes of the internal pore morphology
of the specimens with the GO admixture in the range of 0.01–0.07%. From Figure 12e,d,j,
the distribution and size of the pores inside the concrete can be visually observed. With
the increase of GO content, the pore space position gradually develops from scattered and
uneven distribution to a more uniform and reasonable spatial position distribution, which
reduces the stress concentration and improves the compressive strength of concrete on a
macro level;

Table 12. Internal pore parameters of GO-SFRC structure.

Go (%) Number of Holes Porosity (%)

G0.00S25 41,074 0.914
G0.01S25 22,378 0.828
G0.03S25 13,342 0.729
G0.05S25 16,321 0.937
G0.07S25 57,131 1.026

According to Table 12, the total number of pores is far less than that of pores in G0.00S25,
which decreases about 67.52%. As well, G0.03S25 drops to 0.729%, which is a decrease of
0.185%. Therefore, the addition of GO can reduce the number and of pores and the average
porosity and enhance the compactness of concrete [24,28]. The properties of graphene oxide
will play an important role in the research of green concrete [37–46].
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Figure 12. Internal pore structure and distribution of GO-SFRC. (a) G0.01S25 of 2D. (b) G0.03S25 of
2D. (c) G0.05S25 of 2D. (d) G0.01S25 of 3D. (e) G0.03S25 of 3D. (f) G0.05S25 of 3D. (g) G0.07S25 of 2D.
(h) G0.00S25 of 2D. (i) G0.07S25 of 3D. (j) G0.00S25 of 3D.

3.2.2. Distribution of the Microscopic Pore Structure of GO-FA-SFRC

Aiming at discussing the effect of the different amounts of FA on GO-FA-SFRC concrete,
the G0.03F15S25, G0.03F30S25, and G0.03F45S25 are extracted from the specimens for CT scan.
It is verified that adding the same amount of GO to the steel fiber concrete can optimize the
particle gradation, and the particles of different sizes can give full play to the filling effect
and produce a synergistic effect, thereby improving the density of the steel fiber concrete,
as shown in Figure 13.



Sustainability 2022, 14, 6236 13 of 17

Sustainability 2022, 14, x FOR PEER REVIEW 12 of 17 
 

 

 

Figure 12. Internal pore structure and distribution of GO-SFRC. (a) G0.01S25 of 2D. (b) G0.03S25 
of 2D. (c) G0.05S25 of 2D. (d) G0.01S25 of 3D. (e) G0.03S25 of 3D. (f) G0.05S25 of 3D. (g) G0.07S25 
of 2D. (h) G0.00S25 of 2D. (j) G0.07S25 of 3D. (k) G0.00S25 of 3D. 

Table 12. Internal pore parameters of GO-SFRC structure. 

Go (%) Number of Holes Porosity (%) 
G0.00S25 41,074 0.914 
G0.01S25 22,378 0.828 
G0.03S25 13,342 0.729 
G0.05S25 16,321 0.937 
G0.07S25 57,131 1.026 

3.2.2. Distribution of the Microscopic Pore Structure of GO-FA-SFRC 
Aiming at discussing the effect of the different amounts of FA on GO-FA-SFRC con-

crete, the G0.03F15S25, G0.03F30S25, and G0.03F45S25 are extracted from the specimens for CT scan. 
It is verified that adding the same amount of GO to the steel fiber concrete can optimize 
the particle gradation, and the particles of different sizes can give full play to the filling 
effect and produce a synergistic effect, thereby improving the density of the steel fiber 
concrete, as shown in Figure 13. 

 
Figure 13. Gradation effect of fly ash and graphene oxide. Figure 13. Gradation effect of fly ash and graphene oxide.

Figure 14 and Table 13 demonstrate the pore morphology distribution in the concrete
after freezing and thawing. From Figure 14, we can directly observe the improvement
of 0.03% GO and different amounts of FA on the concrete pores. Figure 14a,d shows the
pore morphology of G0.03F15S25 in 2D and G0.03F15S25 in 3D, most of which are ellipsoidal,
nearly spherical, and biscuit-shaped. The number of pores at this dosage is 22,345, and
the average porosity is 0.915%; with the increase of FA content, the number of pores in
G0.03F30S25 increased by 39,838. It is worth noting that the average porosity decreased by
0.821%. The reason may be that FA filled the large pores and split them, making them
harmless (Figure 13). As a result, the number of delicate pores has increased dramatically.
The results display that the addition of GO-FA to ordinary SFRC concrete can systematically
optimize the pores, and FA particles of different sizes can give full play to the filling effect,
offering an excellent synergistic effect; when the content from G0.03FA30S25 to G0.03FA45S25,
the average porosity of SFRC concrete continued to crease to 0.886%.
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Figure 14. Internal pore structure and morphology distribution of GO-FA. (a) G0.03F15S25 of
2D. (b) G0.03F30S25 of 2D. (c) G0.03F45S25 of 2D. (d) G0.03F15S25 of 3D. (e) G0.03F30S25 of 3D.
(f) G0.03F45S25 of 3D.
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Table 13. Internal pore parameters of GO-SFRC structure.

Fa(%) Number of Holes Porosity (%)

G0.03F15S25 22,345 0.915
G0.03F30S25 39,838 0.821
G0.03F45S25 38,126 0.886

3.3. Pore Size Distribution
3.3.1. Pore Distribution of GO-SFRC

Figure 15 shows the pore quantity distribution of GO-SFRC concrete. It reveals that the
proportions of different pore volumes also change with the GO content changes. Combined
with Figure 15 and Table 14, it can be concluded that the pore proportion of 0.01–0.05 mm3,
0.05–0.1 mm3, 0.1–0.5 mm3 and 0.5–1 mm3 first increases and then decreases with the
increase of GO content, which reaches the peak value at G0.03S25 compared with ordinary
SFRC concrete. The results demonstrate that the GO can change the microstructure of SFRC
concrete. Combined with the fact that the pore number of (the G0.03S25) and the average
porosity with the dosage of 0.03% GO above are both minimum values, which indicates
that the addition of GO into SFRC concrete can make the connected holes turn into closed
holes [34].
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Table 14. Pore volume ratios of different scales inside GO-SFRC unit: mm3.

GO (%)
Pore Volume (%)

V ≤ 0.01 0.01< V ≤0.05 0.05 < V ≤ 0.1 0.1 <V ≤0.5 0.5 <V ≤1 1< V ≤5 V>5

G0.00S25 83.44 7.13 2.65 5.54 0.53 0.48 0.23
G0.01S25 75.22 9.27 5.51 7.81 0.91 1.01 0.27
G0.03S25 54.43 16.02 8.96 15.46 2.1 2.11 0.91
G0.05S25 59.9 15.32 7.79 13.82 1.33 1.28 0.57
G0.07S25 68.33 10.96 5.25 12.8 1.63 0.82 0.2

3.3.2. Pore Distribution of GO-FA-SFRC

Figure 16 and Table 15 display the pores size distribution of GO-FA-SFRC at the
different ratios of FA. It can be seen that the pore ratio of less than 0.01 mm3 increases
correspondingly, while the pore ratio of greater than 5 mm3 decreases continuously with
the increase of FA content. Combined with the freezing resistance evaluation of G0.03F30S25
above, the freezing resistance of concrete at this time is better than that of ordinary SFRC.
Meanwhile, the result also indicates that FA particles can fill large holes and split them into
tiny holes in this passage.
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Table 15. GO-FA-SFRC internal pore quantity distribution unit: mm3.

FA (%)
The Pore Number (%)

V ≤ 0.01 0.01 < V ≤ 0.05 0.05 < V ≤ 0.1 0.1 < V ≤ 0.5 0.5 < V ≤ 1 1 < V ≤ 5 V ≥ 5

G0.00F00S25 54.43 16.02 8.96 15.46 2.1 2.11 0.91
G0.03F15S25 66.29 14.29 6.14 11.11 0.89 0.93 0.36
G0.03F30S25 59.88 16.78 7.56 13.61 0.98 0.86 0.33
G0.03F45S25 71.16 11.15 4.84 10.47 1.02 1.05 0.31

4. Conclusions

Based on the freeze-thaw cycle test, this paper studies the synergistic effect of GO and
FA on the durability of the SFRC and its improvement mechanism. The main conclusions
are as follows.

(1) The addition of GO and FA to SFRC has different degrees of improvement on the frost
resistance. According to the analysis of compressive strength loss, relative dynamic
elastic modulus and mass loss, it is determined that frost resistance of GO-FA-SFRC is
the best when the GO content is 0.03% and the FA content is 30%.

(2) The frost resistance indexes of GO-SFRC are better than ordinary steel fiber concrete.
Compared with SFRC, the pore distribution of GO-SFRC is more uniform, and the
pore shape of GO-SFRC is similar to the spherical and ellipsoidal closed pore. This
pore shape has a significant effect in improving the frost resistance of concrete.

(3) Since GO has a powerful regulatory effect, the pore morphology of GO-SFRC is
spherical and ellipsoidal by adding 0.03% GO. Furthermore, the addition of 30%
FA makes the large volume pores of GO-SFRC become tiny volume pores so that
GO-FA-SFRC presents better frost resistance.
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