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Concrete structures usually have to experience some unfavorable environmental
actions during their service life, leading to the mechanical properties degradation,
moreover, cyclic loadings such as traffic loads, wind loads may further accelerate
structural damage, therefore, improving durability of concrete is of vital for
structures servicing in severe environment. Graphene oxide (GO), as a new
nano-reinforced material, has ultra-high mechanical properties and large
specific surface area as a concrete reinforcing material. This study entailed an
examination of the properties of Graphene Oxide Concrete (GOC) with varying
levels of GO incorporation (0, 0.02, 0.05, 0.08 wt%). It also encompassed an
analysis of the fatigue properties of GOC under different stress levels and varying
sulfate wetting and drying cycles. Additionally, the investigation delved into the
degradation mechanisms affecting Graphene Oxide Concrete (GOC) when
subjected to sulfate erosion conditions. Furthermore, the study assessed the
mass loss of specimens and their fatigue life under diverse environmental
conditions. The results showed that appropriate GO incorporations could
enhance concrete’'s mechanical and fatigue properties after sulfate attack. In
addition, scanning electron microscope (SEM) analysis showed that GO could
adjust the aggregation state of cement hydration products and its own reaction
with some cement hydration crystals to form strong covalent bonds, to improve
and enhance microstructural denseness.
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1 Introduction

In recent years, with the rapid development of nanomaterials, scholars have been
researching ways to improve structural performance (mechanical properties, durability, and
long-term performance, etc.) by incorporating nanomaterials (Zhang and Li, 2011; Ali et al.,
2013; Zhu et al,, 2022; Gul et al., 2023). However, the application of nanotechnology in
construction engineering is complex (Pacheco-Torgal and Jalali, 2011). The main
nanomaterials currently incorporated into concrete are carbonaceous nanomaterials,
nano metals and metal oxides and inorganic nanomaterials. Among them, GO is one of
hot spots in nanomaterial researches (Chen et al., 2018; Li et al., 2018; Lu et al., 2018). The
oxygen-containing functional groups make the GO-dispersion hydrophilic and dispersive
(Dreyer et al., 2014), which can help forming hydration products. These make hydration
products interweave and penetrate into a uniform and dense microstructure (Raki et al.,
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2010; Amin and Abu el-Hassan, 2015; Nirmala and Dhanalakshmi,
2015), resulting in microcosmic defect reductions (Zhao et al., 2020),
and thus significantly improve the strength, toughness, and
durability of cement composites (Peng et al., 2019).

Lv et al. (2013) investigated the effect of GO nanosheets on the
microstructure and mechanical properties of cement composites.
They showed that GO nanosheets could modulate the formation of
flower-like crystals and significantly enhance the tensile and flexural
strength of the materials. Jiang et al. (2018) studied the effects of GO
and polyvinyl alcohol (PVA) fibers on the mechanical properties,
durability, and microstructure of cement materials, and the results
showed that the addition of polyvinyl alcohol fibers and GO
significantly enhanced the mechanical strength and durability of
cement-based materials. Gong et al. (2015) also demonstrated that
the usage of GO in cement composites and mortar could enhance
their mechanical properties.

On the other hand, sulfate attack is one of main reasons that may
reduce durability of concrete (Zhang et al., 2021), developing high-
performance concrete has critical engineering applications (Han and
Tian, 2018). Yang et al. (2017) used long-term immersion to simulate
structures immersed in seawater or groundwater to study the
corrosion resistance, and the test results showed that incorporating
GO could significantly improve the corrosion resistance coefficient of
concrete. Cheng et al. (2021) investigated the durability performance
of concrete specimens exposed to sulfate attack, the results
showed that the integral area of sulfate ion distribution was a
suitable index to describe the nonhomogeneous deterioration
behavior of sulfate-attacked concrete. Mohammed et al.
investigated the effect of GO on concrete properties by
experiment, which showed that GO enhanced resistance to
chloride attack and water permeability (Mohammed et al,
2015), demonstrating that GO could refine the pore structure
of cementitious materials (Mohammed et al., 2016).

For GOC, a new high-performance concrete material, there are
few studies on its durability and fatigue performance under sulfate
attack. Since the applications of GO nanomaterials in constructions
will significantly impact properties and durability of structures in
long term, it is necessary to investigate the degradation mechanism
of GOC under corrosive environments, to comprehensively
understand the performance of this new material and its
application in concrete structures. This study concerns GO
nanomaterials’ effects on mechanical properties of concrete, and
mainly focus on the degradation of mechanical properties of GOC in
sulfate erosion environments as well as its fatigue performance after
sulfate attack, by conducting static loading test and fatigue loading
test. In which, different stress levels and number of cycles are taken
into account, to understand if these variable factors will impact on
the fatigue performance of GO concrete.

2 Experimental investigation

2.1 GOC material

The specimens were prepared in accordance with Chinese code
GB/T 50081 (Ministry of Housing and Urban-Rural Construction of
China, 2019), having standard dimensions of 100 mm x 100 mm
x 100 mm and consisting of complex Portland cement, multilayer
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TABLE 1 The components of the P.C. 42.5.

Components of P.C. 42.5 Percentage (%)

CaO 65.32
SiO, 21.48
ALO; 4.12
Fe, 03 322
MgO 2.82
K;O 0.93
SO; 0.68
Na,O 0.47
TiO, 0.19
P,05 0.10
MnO 0.06
Loss on ignition 0.56

TABLE 2 The physical parameters and chemical components of GO.

Specification Contents

Physical parameters Purity >95 wt%
Thickness 3.42-7.82 nm
Layers 0.79 nm

Specific surface area | 130-260 m®/g

Lamellar diameter 12-40 pm
Chemical components (from XRD test) | C 69.26 %

(6] 30.16 %

S 0.28 %

Si 0.16 %

Cl 0.11 %

GO-dispersion, aggregates (crushed stone as coarse aggregates and
manufactured sand as fine aggregates) and water.

2.1.1 Complex portland cement

All indexes (fineness, stability, mechanical properties, etc.) of
P.C. 42,5 complex Portland cement meet the requirements of
Chinese code GB175 (Chinese Standards Institute, 2020). 3 and
28 days flexural strengths are no less than 3.5 and 6.5 MPa,
respectively, while compressive strengths are no less than 15 and
42.5 MPa, respectively. Its chemical composition is shown in
Table 1.

2.1.2 Multilayer GO-dispersion

The multilayer GO was frozen, dried and dispersed by the
modified Hummers method (Hummers and Offeman, 1958), and
the finished product had no precipitation but good dispersion. Its
dispersion is black oily liquid with a concentration of 10 mg/mL.
The parameters and components of GO are shown in Table 2.
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TABLE 3 The particle gradation of fine aggregates.

Nominal diameter (mm)

Accumulated sieve residue (%) ‘ 100 ‘ 89.34

GO incorporation

Specimen
prefabrication

analysis

Sulfate erosion Mass variation

Raw materials Stress level

Fatigue life

Preparation =) Working enviornment =) Indexes

FIGURE 1
Test Procedure.

2.1.3 Concrete aggregates

The coarse aggregate of GOC specimens is 5-20 mm grade
crushed stone, and the fine aggregate is manufactured sand,
whose details are shown in Table 3.

2.2 Specimen testing
The test procedure in this study is shown in Figure 1.

2.2.1 Preparation for specimens

The tested GOC specimens were all with a water-cement ratio of
0.50 and a sand rate of 35%, and the GO-dispersions of 0, 0.02, 0.05,
0.08wt% (the mass ratio of GO to cement) were thoroughly mixed
with water before the test. The concrete was configured according to
the mixture proportion (Table 4) and injected into the cube mold of
100 mm x 100 mm x 100 mm, finally, the marked specimens were
put into the curing room and cured in standard conditions. All the
above procedures were completed according to the requirements of
Chinese code GB/T50082 (Ministry of Housing and Urban-Rural
Construction of China, 2009).

2.2.2 Test situation
1) Load test after sulfate attack

Na,SOy, solution with a mass fraction of 10 wt% was added into the
test chamber, and specimens were subjected to 0, 30, 60, 90, and
120 dry-wet cycles according to the cyclic system. The fabricated

TABLE 4 Test design and mixture proportion (unit: kg/m?3).

0 ‘ 0.15 0.3

74.98

10.3389/fmats.2023.1318366

0.6 1.18 2.38 4.72

52.96 37.45 18.76 0.96

samples were named according to the test environment and GO
incorporation; for example, SA3o-GOC, ,9, indicated sulfate erosion
GOC with 30 wetting and drying cycles and 0.02 wt% GO.

2) Fatigue test after sulfate attack

Another 18 prisms GO concrete specimens (marked as S45-
FGOC-a-1~3 and S90-FGOC-a-1~3, respectively) were fabricated
for fatigue testing, where S45 and S90 represented the specimens
underwent 45 times and 90 times sulfate wetting and drying cycles,
respectively; a represented the stress level, which was individually set
as 0.75, 0.80 and 0.85 in the fatigue test. To be comparable, the
counterpart specimens without sulfate erosion were also accordingly
prepared to carry out the same fatigue test. The axial compression
fatigue test was carried out by an electrohydraulic servo fatigue
testing machine. The test parameters were set according to the load
test results. Fatigue loading was carried out in a load-controlled
manner, and the fatigue loading was carried out in the form of a sin-
constant amplitude load spectrum. The cyclic loading started,
ranging from the minimum fatigue stress to the maximum
fatigue stress at the specific frequency of 10 Hz. Herein, the stress
ratio was the ratio of the minimum fatigue stress to the maximum
fatigue stress and was set at 0.1 in this study.

3) Measurement indexes

This test was referenced to Chinese code GB/T 50081 (Ministry of
Housing and Urban-Rural Construction of China, 2019), and the
measurements included mass and fatigue life. The detailed steps were
as follows:

a. When the cycle number reached to the test design values,
specimens were firstly dried to observe surface damages.

b. Then the mass of each specimen was measured and recorded in
detail.

c. The prism specimens were taken fatigue load, the stress level and
fatigue life were measured during the test.

of the specimens observed using the

Quattro setup, to investigate the effect of GO incorporation

d. Fractures were

on concrete microstructure at different cycle counts.

Specimen No. Cement Manufactured sand Crushed stone

5-10 mm 10-20 mm
GOCys 398 623 450 734 195 0
GOCo 020 ‘ 398 623 450 734 195 0.080
GOCo 50 ‘ 398 ‘ 623 450 ‘ 734 ‘ 195 0.199
GOCo 080 ‘ 398 ‘ 623 450 ‘ 734 ‘ 195 0318
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FIGURE 2

Test setup (A) IMGS-54 setup for sulfate attack; (B) Quattro setup for SEM.
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FIGURE 3
Schematic diagram of damage to concrete under sulfate attack.

The environmental and mechanical test setup described in this
section was shown in Figure 2.

3 Results and discussion

In this study, properties of GOC with different GO incorporations
(0, 0.02, 0.05, 0.08 wt%, respectively) and fatigue properties of GOC with
different stress level and sulfate wetting and drying cycles were tested.
Generally speaking, GO incorporation was in the range of 0-0.08 wt%,
GO can disperse nicely, participate in and regulate the cement hydration
process, making the formation and aggregation of cement hydration
products more regular and effective, reducing the cracks and pores inside
the concrete. There were physical and chemical reactions. Graphene
oxide had excellent mechanical strength and stiffness, and its plate
structure could prevent sulfate from invading the interior of concrete,
thereby improving the ability to resist sulfate corrosion. At the same time,
the high surface area and functional groups of GO may also adsorb and
hydrate with sulfate ions, thereby forming protection inside the concrete.

Frontiers in Materials

3.1 Appearance phenomena

The sulfate attack of concrete can be divided into two main
categories: physical and chemical erosion (Liu et al,, 2011). During
the physical attack, the cracking damage of concrete is caused by the
swelling stress generated around the concrete’s pore walls, which is
greater than the tensile strength of concrete, and the swelling stress
originates from the pressure generated by the crystals on the pore walls.
During the chemical attack, sulfate ions react with cement hydration
products to produce swelling products, which are about 2.5 times larger
than the initial reaction phase, thus causing swelling cracking of
concrete (Neville, 1995; Leng et al., 2012), as shown in Figure 3.

This damage usually causes peeling, and many micro-cracks
appear on the surface of concrete specimens. The specimens show
spalling at the edges and corners when the attack is aggravated. As
shown in Figure 4, the GO-doped specimens maintained good
integrity, and the surface condition remained intact in the less
severe case (60 cycles). In the case of severe erosion (120 cycles),
both GO-doped and non-GO-doped specimens were severely

04 frontiersin.org
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SA 120~ GO (‘('1"‘ A

FIGURE 4
The appearance of specimens under the sulfate attack test.
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FIGURE 5
The mass of specimens under the sulfate attack test.

S45-FGOC-0.75-2

FIGURE 6
Failure mode of sulfate erosive specimens under fatigue testing.

damaged, compared to the GO-doped specimens, which had
relatively good integrity and fewer internal traces of sulfate
attack.

3.2 Mass variation

Figure 5 shows the mass variation of the specimens under the
sulfate attack test. The results show that the masses of all specimens
showed a trend of “first increase and then decrease” with the increase
of cycle time and GO incorporation, respectively, and the masses of

Frontiers in Materials

0 0.02 0.05
GO incorporation / wt%

0.08

Mass - GO incorporation

S90-FGOC-0.75-2

GOC specimens with 60 cycles and 0.05 wt% GO increased most
significantly. The mass of all specimens was higher than the initial
mass for 30-60 cycles and lower than the initial mass for
90-120 cycles. After the specimens started to show a mass loss,
the mass loss rate of GO-doped specimens was significantly lower
than that of the non-GO-doped specimens. For example, the mass
loss rate of GO-doped specimens ranged from 3.073% to 3.991%
after 120 cycles, compared with 4.839% for non-GO-doped
specimens. The test results indicate that GO enhances the
performance of concrete in resisting mass loss under the action
of a sulfate attack environment.
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FIGURE 7
Relationship between fatigue life and stress level: (A) Mean fatigue life vs stress level, and (B) S-N curves.
TABLE 5 Linear regression results for general environmental condition.

Specimen number Fatigue life Ni InNi Survival Rate P In[In(1/P)] b a
FOC-0.75-1 135537 11.817 0.75 —-1.2459 1.568 -19.747
FOC-0.75-2 226534 12.331 0.50 —-0.3665
FOC-0.75-3 369827 12.821 0.25 0.3266
FOC-0.80-1 36558 10.507 0.75 —1.2459 1.677 -18.777
FOC-0.80-2 53344 10.885 0.50 —-0.3665
FOC-0.80-3 91831 11.428 0.25 0.3266
FOC-0.85-1 2496 7.822 0.75 —-1.2459 1.361 -11.941
FOC-0.85-2 5652 8.640 0.50 —0.3665
FOC-0.85-3 7383 8.907 0.25 0.3266

FGOC-0.75-1 168641 12.036 0.75 —-1.2459 1.519 -19.506
FGOC-0.75-2 288475 12.572 0.50 —-0.3665
FGOC-0.75-3 475368 13.072 0.25 0.3266
FGOC-0.80-1 51917 10.857 0.75 —-1.2459 1.717 -19.609
FGOC-0.80-2 74583 11.220 0.50 —-0.3665
FGOC-0.80-3 109532 11.604 0.25 0.3266
FGOC-0.85-1 6338 8.7543 0.75 —-1.2459 1.897 -17.172
FGOC-0.85-2 8449 9.042 0.50 —0.3665
FGOC-0.85-3 9746 9.185 0.25 0.3266

3.3 Fatigue properties

The maximum fatigue load was determined by the mean value of
ultimate load for the static load test, multiplying the stress level, while
the minimum fatigue load was then calculated by the stress ratio of

0.1. The failure mode of specimens was shown in Figure 6.

Frontiers in Materials

As seen, specimens seriously damaged with wide cracks and
local concrete collapse. A large amount of concrete debris fell off in

Figure 6B, indicating specimens under 90 times sulfate wetting and

drying cycles suffering severer damages. The relationship between

fatigue life of specimens and stress level was plotted in Figure 7. In

which, (a) compared the mean fatigue life of normal GO concrete
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TABLE 6 Linear regression results for sulfate erosion condition.

Specimen number Fatigue life Ni InNi Survival Rate P In[In(1/P)] b a
$45-FGOC-0.75-1 153523 11.942 0.75 ~1.2459 1.691 —21.415
$45-FGOC-0.75-2 248765 12.424 0.50 -0.3665
$45-FGOC-0.75-3 389501 12.873 0.25 0.3266
$45-FGOC-0.80-1 32488 10.389 0.75 ~1.2459 1.666 ~18.553
$45-FGOC-0.80-2 54981 10.915 0.50 ~0.3665
$45-FGOC-0.80-3 83541 11.333 025 0.3266
$45-FGOC-0.85-1 3204 8.072 0.75 ~1.2459 1.494 ~13.154
$45-FGOC-0.85-2 4497 8.411 0.50 ~0.3665
$45-FGOC-0.85-3 8742 9.076 025 0.3266
$90-FGOC-0.75-1 107455 11.585 0.75 ~1.2459 2014 -24.531
$90-FGOC-0.75-2 154331 11.947 0.50 -0.3665
$90-FGOC-0.75-3 233764 12.362 025 0.3266
$90-FGOC-0.80-1 17407 9.765 0.75 ~1.2459 1.521 ~15.984
$90-FGOC-0.80-2 25518 10.147 0.50 ~0.3665
$90-FGOC-0.80-3 47554 10.770 025 0.3266
$90-FGOC-0.85-1 998 6.906 0.75 ~1.2459 1.262 ~10.006
$90-FGOC-0.85-2 2451 7.804 0.50 -0.3665
$90-FGOC-0.85-3 3166 8.060 025 0.3266

TABLE 7 Linear regression results for freeze-thaw condition.

Specimen number Fatigue life Ni InNi Survival Rate P In[In(1/P)] b a
D75-FGOC-0.75-1 130547 11.779 0.75 ~1.2459 1.683 -21.110
D75-FGOC-0.75-2 243433 12.403 0.50 ~0.3665
D75-FGOC-0.75-3 322520 12.684 025 03266
D75-FGOC-0.80-1 31464 10357 0.75 ~1.2459 1.944 ~21.427
D75-FGOC-0.80-2 54522 10.906 0.50 ~0.3665
D75-FGOC-0.80-3 68534 11.135 025 03266
D75-FGOC-0.85-1 3185 8.066 0.75 ~1.2459 1.750 ~15.230
D75-FGOC-0.85-2 4327 8373 0.50 -0.3665
D75-FGOC-0.85-3 7552 8.930 025 03266
D150-FGOC-0.75-1 76553 11.246 0.75 ~1.2459 1.837 -21.762
D150-FGOC-0.75-2 101568 11528 0.50 ~0.3665
D150-FGOC-0.75-3 173764 12.065 025 03266
D150-FGOC-0.80-1 13407 9.504 0.75 ~1.2459 2018 ~20.467
D150-FGOC-0.80-2 22518 10.022 0.50 ~0.3665
D150-FGOC-0.80-3 28554 10.260 025 03266
D150-FGOC-0.85-1 868 6.766 0.75 ~1.2459 1915 ~14.011
D150-FGOC-0.85-2 1351 7.209 0.50 ~0.3665
D150-FGOC-0.85-3 1684 7.429 025 03266
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Linear regression equations for sulfate condition.
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with that of GO concrete with sulfate erosion, and (b) showed the
corresponding S-N curves. It can be seen in both two figures, high
stress level and sulfate erosion would remarkably reduce
fatigue life.

3.3.1 Weibull distribution

The Weibull distribution is a widely used probability
distribution that is used to depict the correlation between an
object’s life and various factors such as stress, strain, or durability
(Zhang et al., 2019; Zhang et al., 2020a; Zhang et al., 2020b; Zhang
et al.,, 2022). Previous studies show that a Weibull distribution is
proper for fatigue estimation of concrete materials (Hong et al.,
2020). Therefore, a Weibull distribution is used to assess fatigue life

of concrete specimens in this study, which can be expressed as
In{ln(1/P)] = blnNp — blnN, (1)

in which, P is the survival rate; N, is the fatigue life, N, is the
characteristic life parameter; and b is the slope of the linear equation.

Frontiers in Materials
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The empirical formula of survival rate P is
i
1+k

where i is the serial number of the test specimen according to the

P=1- @)

fatigue life from low to high; and n is the number of test specimen
per group.

Letting the Weibull parameters Y = In[ln(1/P)], X = InNp and,
a = -blnN,, then using Y = bX+a to conduct Weibull distribution
tests on the fatigue life of specimens at different stress levels. The
results by linear regression analysis for general environmental
condition, sulfate erosion condition and freeze-thaw condition
were listed in Tables 5-7 as below.

3.3.2 Fatigue equation and S-N curve

Fatigue equation is usually used to present the relationship between
fatigue life N and stress level S, by which, the stress level and cycle
number can be obtained when structure fails. The fatigue equation can
also be expressed by curves in logarithmic coordinates, namely, the so-
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FIGURE 9
The SEM images of specimens under the sulfate attack test.
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called S-N curve, to demonstrate fatigue characteristics of materials. The
fatigue equation can be expressed as

S=AlgN +B 3)

in which, S donates the stress level; N is the fatigue life; A and B are
coefficients.

Note that a survival rate of 0.5 is taken in default and failure
probability is not covered in Equation 3, for structure safety, fatigue
equation with higher survival rate needs to establish. Taking the
regression results of Weibull distribution, the fatigue life with
survival rate P could be calculated by Equation 4, where the
parameters are the same as before. Let N, replace N, then fatigue
life considering different survival rates could be obtained. In this
study, four survival rates of 0.6, 0.7, 0.8 and 0.9 were taken.

Np = exp In (ln(ll:P)) -a @)

Figure 8 depicts the linear regression equation that represents
the relationship between sulfate corrosion and various survival rates.
The observation depicted in Figure 8A reveals a steady decrease in
the fatigue properties of GOC specimens as the number of sulfate
dry and wet cycles increases, while maintaining a constant stress
level, when the survival rate P is 0.9. The sensitivity of the sample to
stress increases in proportion to the extent to which it is influenced
by the frequency of sulfate exposure during dry and wet cycles.
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Furthermore, it is evident from Figures 8A-D that as the survival
rate P lowers from 0.9 to 0.6, there is a rise in the horizontal
coordinate values for each set of curves. The findings indicate that
the fatigue life of GOC specimens exhibits an upward trend when the
survival rate P decreases following various durations of sulfate dry
and wet cycling.

3.4 SEM

To explain the results obtained in the previous section, the
microstructure of specimens with different GO incorporations
under 120 sulfate dry-wet cycles was compared and analyzed.
The SEM images are shown in Figure 9. Figure 9A shows a large
number of AFt produced by sulfate attack in non-GO-doped
specimens. These AFt crystals are arranged disorderly, and there
are many cracks and pores around them, further aggravating the
attack of sulfate ions on concrete. When some amount of GO is
incorporated, GO sheets and clusters appear in large-scale
agglomeration or clustering (Figure 9B). Many cement hydration
crystals are distributed around them in a disorganized manner, the
number of pores increases, the denseness of microstructure
decreases, and the load transfer efficiency between cement matrix
and GO is affected and starts to decrease, which instead affects the
concrete resistance to sulfate attack. As seen in Figures 9C, D, GO
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sheets prevented interior concrete from sulfate eroding at some
extent, but with the occurrence of cracks on GO sheets, the
structural fatigue performance declined and finally failed.

The results show that, on the one hand, GO can reduce the
number of products produced by sulfate attack so that the
microstructure of concrete remains relatively dense when subjected
to sulfate attack. On the other hand, it improves the erosion resistance
of concrete by promoting the generation of regular cement hydration
products and optimizing the crystal arrangement to reduce the size
and number of micro-cracks and pores.

4 Conclusion

This paper tested the mechanical and fatigue properties of GOC
under sulfate erosion. The test results were given and explained
concerning the mechanical behavior of GO cement paste and the
microstructures of GO cement paste observed by SEM. The
following conclusions can be obtained in this study:

1) For the sulfate erosion environment, the degradation of the
mechanical properties of concrete-resistant sulfate attack was
significantly improved by incorporating GO, and this
enhancement was most significant at 0.05 wt% GO incorporation.

2) Sulfate erosion would accelerate fatigue damage accumulation in
concrete, then remarkably reduce fatigue life and strength. But
comparatively, stress level would affect the fatigue life more
seriously. While Weibull distribution can be used to assess the
fatigue life of GO concrete under any environmental conditions.

3) It can be seen from SEM microstructure that GO sheets generally
improved the compactness of concrete and restrained crack
development and spread further, even under severe environmental

condition, GO sheets could also relieve sulfate erosion damage.
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