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Abstract: In order to meet the increasing engineering re-
quirements, the ultra-early strength of sulphoaluminate
cement (SAC)-based materials need to be improved to
achieve road repair, engineering rescue and other objec-
tives. Graphene oxide (GO) of 0.04 wt% was incorporated
into SAC mortar to prepare GO enhanced SAC mortar (GO-
SAC). Itwas found that the compressive strength ofGO-SAC
was increased by 46.9% at the age of 6 hours, and the flex-
ural strength of GO-SAC was increased by 121.4% at the
age of 100minutes, compared with the control SACmortar.
The mechanism analysis based on the characterization re-
sults derived from XRD, BET, in situ ATR-FTIR, hydration
heat measurement, TG–DSC and SEM showed that, the ad-
dition of minute quantities of GO led to the formation and
growth of ribbon-like AFt, which further resulted in the im-
provement of the ultra-early strength of GO-SAC. Thiswork
indicates that GO has great potential for practical appli-
cation in the preparation of high-performance SAC-based
materials with ultra-early strength.
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1 Introduction
There are enormous applications of cement-based mate-
rials in the infrastructure construction [1–3], and new
types of cements have attracted more and more atten-
tion because of different application performances [4, 5].
Sulphoaluminate cement (SAC) is one of the important ce-
mentitious materials [6–8], which is widely used in engi-
neering rescue due to its early high strength characteris-
tics, especially for occasions where engineering repairs re-
quire early strength [9–11]. In general, in order to meet
the engineering application needs, SAC’s early strength of
12 -24 hours needs to be focused. However, with the im-
provement of engineering requirements, there is a higher
requirement for early strengthperformance [12]. Especially
ultra-early strength, that is, a fast achievement of target
strength within 6 hours should be widely concerned in
road repair projects [13–15]. Therefore, the method of fur-
ther improving the ultra-early strength of SAC needs to be
solved.

One of the ways to improve the early strength of ce-
ment is to use early strength agents. Wang et al. [16] added
0.5% Na2SO4 to SAC, increasing the compressive strength
at 1 day by 18.2%; S. Aggoun [17] showed that the incor-
poration of 0.05 wt% triethanolamine increased the com-
pressive strength at 3 daysby 50%.However, early strength
agents are mainly used to increase the strength of 1-3 days,
and the proportion of strength promotion is limited. Early
strength agents cannot achieve ultra-early strength and
have some disadvantages [18]. In particular, early strength
agents containing chloride ions tend to cause steel bars
in concrete to corrode more easily [19–21]. Another com-
monmethod is to strengthen the early curing conditions of
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Table 1: Chemical composition of SAC

Composition CaO Al2O3 SO3 SiO2 Fe2O3 TiO2
Mass fraction (%) 45.99 21.24 13.53 8.38 2.00 0.97

concrete, with steam curing to increase strength instead of
standard curing [22]. This method is obviously inefficient
and uneconomical, and it can only be used for precast
cement-based structural materials, also difficult to apply
to engineering construction.

In recent years, considerable progress has been made
in the field of "nano-concrete" [23, 24], involving the incor-
poration of different types of active or inactive fillers hav-
ing nanoscale dimensions. Studies have shown that nano-
materials such as nano-calcium carbonate [25] and nano-
silica [26] can be added to cement to increase strength as
an excellent nucleating agent. At present, there are some
reports on the use of nanomaterials to improve the early
strength of cement-based materials, but most of them are
improving the strength of 1 day and 3 days, such as Zhang
and Han [27] reported that the flexural strength of reactive
powder concrete (RPC) at 3 days was increased by 31.09%
with 1 wt% nano-BN added; Sudipta Naskaradded [24] 1
wt% nano-TiO2 to geopolymer concrete and the compres-
sive strength was increased by 10% at 7 days; Qin [25]
used 0.084wt% nano-calcium carbonate to improve the
compressive strength of portland cement by 2.8–5.8% at
3 days; M.M.Mokhtar [28] reported that the compressive
strength of ordinary portland cement was increased by
37.5% at 2 days with the addition of 0.02 wt% graphene ox-
ide nanoplatelets. However, the effects of nanomaterials
on the strength of cement within 1 day or several hours are
still less clear-cut.

Grapheneoxide (GO) consists of a single layer ofmixed
SP2 and SP3 hybridized carbon atoms, a single layer hav-
ing a thickness of about 0.7-1 nm and a lateral dimension
ranging from a few hundred nanometers to tens or hun-
dreds of microns [29–31]. GO is functionalized with var-
ious oxygen-derived groups such as carbonyl, hydroxyl
and carboxyl groups [29, 30, 32]. These oxygen groups
are hydrophilic, which allows GO to form a stable colloid
in water. As a derivative of graphene, GO has a high me-
chanical properties [33, 34] and a high specific surface
area [35]. These characteristics of GO are not available in
the other nanomaterials including nano-BN, nano-TiO2,
nano-CaCO3 and nano-SiO2, etc. [24, 27, 36]. Due to the
unique characteristics, GO can be considered to be used
as a nucleating sowing additive in cement slurries to im-
prove its mechanical properties [28, 37–40], and the emer-
gence of GO has presented a new opportunity to improve

the earlier age strength of SAC and to achieve the ultra-
early strength. Gong et al. stated that the compressive and
tensile strength was increased by more than 40% with ad-
dition of 0.03wt%GO into cement paste [41], and Zhu et al.
mentioned that the compressive and tensile strength was
increased by 15-33% and 41-59% by incorporation of 0.05
wt% GO in cement mortar, respectively [42]. Based on the
works by Gong et al. and Zhu et al., 0.04wt% of GOwas de-
termined to be added to SAC for the improvement of ultra-
early strength of SAC.

In this work, 0.04% weight percent GO was added to
SAC to improve the ultra-early strength of SAC. We pay at-
tention to the mechanical properties of GO enhanced SAC,
including compressive and flexural strength at the ages of
100 minutes, 6 hours and 24 hours. Moreover, the influ-
ences of minute quantities of GO on microstructure, pore
structure, hydration products and hydration heat of the
SAC-based compositewerediscussed indetail. Further, the
mechanism on the improved ultra-early strength of GO en-
hanced SAC was revealed based on the perspective of mi-
crostructure evolution.

2 Materials and methods

2.1 Raw materials

The sulphoaluminate cement produced by Dalian Cement
Group with strength grade of 42.5 has a specific gravity
of 2.981 and a specific surface area of 410 m2/ kg. The
chemical composition is shown in Table 1. The standard
sandwas purchased from Sinoma Co. Ltd (China, Xiamen).
Graphite powder was purchased from Jinrilai Electronic
Materials Factory (Qingdao, China). All reagentswere used
as received.

2.2 Preparation of graphene oxide (GO)
nanosheets

1 g of graphite and 0.5 g of NaNO3 were added to the flask,
and then 50ml of H2SO4 (98%) was added under constant
stirring at 5∘C for 1 hours, and then 3 g of KMnO4 (1 g per 15
min)was gradually added. The temperature of the solution
must be below 20∘C to avoid overheating and explosion.
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The solution was diluted by slowly adding 100ml of warm
distilledwater, and then the solutionwas treatedwith 3ml
of a 30%H2O2 solution and 100ml of distilled water to en-
sure complete reaction of KMnO4. Thereafter, the mixture
is washed with HCl and water, respectively, and finally fil-
tered and dried to obtain a final product (GO nanosheets).

2.3 Preparation of GO enhanced SAC
samples (GO-SAC)

The GO solution was diluted with deionized water in a
weight percentage of 0.04% by weight of the cement and
sonicated for 30 minutes. According to the Chinese stan-
dard GB/T17671-1999, a SAC mortar sample was prepared
for use as a control, in which water/binder (w/b) ratio
and sand/binder (s/b) ratio usedwere 0.50 and 3.0, respec-
tively. According to the mix proportion of GO-SAC given in
Table 2, GO-SACwas produced. A freshmortarmixturewas
prepared by the same procedure using a HOBART mortar
mixer and then poured into a plastic mold. The sample in
the mold was covered with a plastic wrap and cured at 20
± 2 ∘C for 30 min, and then demolded. The demolded sam-
ples were then cured in a standard curing chamber (20 ±
2∘C, RH 95%) to 100 minutes, 6 hours, 24 hours for me-
chanical testing.

The fluidity of SAC and GO-SAC mortar was measured
using a truncated cone with an upper diameter of 36 mm,
bottom diameter of 60mm and a height of 60mm in accor-
dance with Chinese standard GB/T8077-2000. The fluidity
of the control SACmortar sample (SAC) andGO-SACmortar
sample were determined to be 18.1 cm and 17.5 cm, respec-
tively. Therefore, adding GO has little effect on the mortar
fluidity due to the small amount of GO despite its high spe-
cific surface area and hydrophily.

Table 2:Mix proportion of GO-SAC

SAC/g Water/g GO/g Sand/g
450 225 0.09 1350

2.4 Mechanical properties

For evaluating themechanical properties, a set ofmixtures
were cast into 40 mm×40 mm×160 mm plastic molds to
measure 100 minutes, 6 hours and 24 hours compressive
strength and flexural strength of SAC and GO-SAC accord-
ing to ISO 679:1989 and B/T 17671-1999. Before testing, the

samples were cured in a curing chamber (20 ± 2∘C, RH
95%). Three points bending test was carried out at a load-
ing rate of 50 ± 10 N/s. Besides, the compressive strength
test was carried out at a loading rate of 2400 ± 200 N/s.

2.5 Characterization and measurement

Atomic force microscopy images of graphene oxide (GO)
were obtained using a Dimension Icon atomic force micro-
scope (AFM, Bruker Co., Germany). Raman spectra were
recorded with a Renishaw in Via Raman microscope (Ren-
ishaw Corporation, Britain) by an argon-ion laser at an ex-
citation wavelength of 532 nm. The microstructures of SAC
and GO-SAC were examined with an environmental scan-
ning electron microscope (SEM, FEI Co., Quanta 200) with
an energy dispersive X-ray spectroscope (EDS) attached.
The pore structure of the sample was measured by a BET
absorption method. The cement slurry samples were vac-
uum degassed at 80∘C for 24 hours prior to measurement.
Nitrogen (N2) was used as the adsorbate. Measurements
were made by surface area and pore analyzer (ASAP 2020
V3.00 H, Micromericits Company). The pore volume and
pore sizewere calculatedbasedon the amount of adsorbed
N2. XRD patterns were performed by an X’Pert PRO diffrac-
tometer with Cu-Kα radiation (λ = 0.15419 nm) over a 2θ
range from 5∘ to 45∘. DSC–TG analysis was performed to
further examine the hydration products. The thermal prop-
erties of SAC and GO-SAC powders of about 10 mg were si-
multaneously measured using a DSC instrument (STA 449
F3, Netzsch) under a controlled system (20∘C to 750∘C,
heating rate 10∘C/min; nitrogen atmosphere). The hydra-
tion heat flow curve was determined by using a conduc-
tion calorimeter (TAM Air) operating at 20∘C. The test ce-
ment slurry was injected into a glass ampoule by a syringe,
and the sameweight of air-water was injected into another
glass ampoule as a reference, and the hydration heat flow
of the tested cement slurrywas continuously recorded over
time. In situ ATR measurements were performed on ATR
spectrometer (is 10, Thermo Fisher) to observe changes in
hydration products.

3 Results and discussion

3.1 Mechanical properties of the GO-SAC
samples at early ages

Figure 1 shows the mechanical properties of the control
SAC and GO-SAC samples at 100 minutes, 6 hours and
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Figure 1:Mechanical properties of GO-SAC and SAC at 100 min, 6
h and 24 h. (a) the compressive strength; (b) flexural strength of
samples; (c) the strength variation of samples at different ages

24 hours. From Figure 1, the compressive and flexural
strength of the control SAC and GO-SAC samples increase
with increasing curing time from 100 minutes to 24 hours.
And the results indicate that the compressive and flexural
strength are increased by the addition of 0.04 wt% GO at
early ages including 100 minutes, 6 hours and 24 hours.
From Figure 1a, the compressive strength of the control
SAC samples at 100minutes, 6 hours and 24 hours are 12.6
MPa, 20.44 MPa and 43.5 MPa, respectively. While as for
the GO-SAC samples, the compressive strength at 100 min-
utes, 6 hours, and 24 hours are 15.8 MPa, 30.02 MPa and
46.04 MPa, respectively. As shown in Figure 1c, the com-
pressive strength of GO-SAC are 25.4%, 46.9% and 5.8%
higher than that of SAC at 100 minutes, 6 hours, and 24
hours, respectively. Moreover, from Figure 1b, the flexural
strength of control SAC at 100 minutes, 6 hours and 24
hours are 1.4 MPa, 3.77 MPa and 7.1 MPa, respectively, and
it is determined to be 3.1 MPa, 4.27 MPa and 7.2 MPa for
the GO-SAC samples at 100 minutes, 6 hours and 24 hours.
In Figure 2c, the flexural strength of GO-SAC are increased
by 121.4%, 13.3% and 1.4% compared with control SAC at
100 minutes, 6 hours, and 24 hours. Although the incor-
poration of 0.04 wt% GO can improve the early strength
of SAC, especially the compressive strength at 6 hours is
increased by 46.9% and the flexural strength at 100 min-
utes is increased by 121.4%. However, with the growth of
age, the increase of compressive and flexural strength be-
comes more and more gentle with increasing curing time.
Since the compressive strength is significant dependent
on microstructure compactness, and the flexural strength
is more dependent on the morphology of the hydration
products. It can be suggested that GO promotes the forma-
tion of hydration products with new morphology which
can enhance the flexural strength. These hydration prod-
ucts have a significant effect on weakening the brittle be-
havior of SAC, similar to the role of the fibers in the fiber-
reinforced cement-based materials. A detailed discussion
of the microscopic mechanism on minute quantities of
GO improving the mechanical properties of SAC has been
given as follows.

3.2 XRD patterns of the GO-SAC samples

Figure 2 shows XRD patterns of SAC and GO-SAC at the
ages of 100 min, 6 h, and 24 h. From Figure 2, the main hy-
dration products of SAC are ettringite (AFt) and monosul-
fide hydrated calcium sulphoaluminate (AFm), and unhy-
drated C4A3S is also presented in the sample. Comparing
XRD patterns of SAC at different ages shown in Figure 2,
the peak intensity of the raw material C4A3S gradually de-
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creases with hydration time, and the peaks of hydration
products gradually increase. By comparing the XRD pat-
terns of between the GO-SAC sample and the control SAC
sample at the same age, it is not difficult to find that the
peak enhancement of the hydration products of GO-SAC
comes principally from the enhancement of the AFt peak,
which is particularly evident at 100 minutes and 6 hours.
That is, the incorporation of GO significantly enhances the
characteristic peak of themainhydration product AFt com-
pared with the control SAC sample at the ages of 100 min-
utes and 6 hours.

The formation of AFt is a process in which an alu-
minum octahedron and a calcium polyhedron are alter-
nately arranged to form a multi-column surface, and then
SO2−

4 enters into the inter-column trench to balance a pos-
itive charge [43, 44]. After the addition of GO, GO as an ex-
cellent nucleating agent, the huge surface area provides a
large number of nucleation sites, thereby reducing the nu-
cleation free energy of the aluminous octahedron and the
critical size of the core, and increasing the nucleation rate.
As a result, SAC being hydrated at a faster rate increases its
early hydration process. However, After 24 hours of hydra-
tion, the characteristic peak of the main hydration prod-
uct AFt incorporated into GO-SAC cannot be changed sig-
nificantly comparedwith SAC, since the SAC slurry is hard-
ened and the initial skeleton is formed after the solidifica-
tion of 24 hours. It’s remarkable that the diffusion rate is
also reduced because of the formation of the initial skele-
ton, thus the formation speed of AFt is gradually close to
the formation speed of the blank at the age of 24 hours.

Figure 2: XRD patterns of SAC and GO-SAC at the ages of 100 min, 6
h and 24 h

3.3 SEM observation

Figure 3 shows the SEM images of SAC and GO-SAC at dif-
ferent ages (a-c, microstructure of SAC at 100 minutes, 6

Figure 3: SEM images of SAC and GO-SAC at different ages. Mi-
crostructure of SAC at (a) 100 min; (b) 6 h; (c) 24 h. Microstructure of
GO-SAC at (d) 100 min; (e) 6 h; (f) 24 h; (g) EDS analysis of region (1)
from (d)
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hours, 24 hours; d-f, microstructure of GO-SAC at 100 min-
utes, 6 hours, 24 hours; g, EDS analysis of (1) fromd). It can
be suggested that the ribbon-like hydrates are AFt by the
elemental composition from Figure 3g [45, 46]. Figure 3a
and d show that after 100 minutes, the number of colum-
nar crystals of AFt was increased in control sample, and
amount of Aft was generated in GO-SAC, indicating that
GO has functioned within 100 minutes of hydration. The
ribbon-like AFts have a significant effect on the mechan-
ical properties of SAC at early hydration, resulting in the
high enhancement of flexural and compressive strength
of specimens at 6 hours. A possible reason is that the GO
contains acidic sites through interactionwithwater,which
can take part in cation exchange reactions [47, 48]. That
resulted in the hydration environment changes and GO
also serves as a template to form newmorphology hydrate,
such as the ribbon-like AFts [49, 50]. And these AFts can
intertwine to form a network structure, leading tomechan-
ical improvement. Figure 3bande show themicrostructure
of SAC and GO-SAC that after 6 hours, respectively. The
AFts were wrapped up by hydrates, and there was more
pore in control sample. Thus, GO shows ability to enhance
the AFts’ formation at the early hydration of SAC. Figure 3c
and f shows that after 24 hours hydration, the two sam-
ples have similar morphologies, indicating that the hydra-
tion rate of GO-SAC corresponds to that of SAC. Thus, GO
doesnot promote the late hydrationof SAC, leads to similar
mechanical properties, which is consistent with the previ-
ous results of mechanical performance analysis. This also
provides viewable evidence to support the XRD analysis
that the growth of the compressive strength and flexural
strength at the age of 100 minutes and 6 hours is mainly
attributed to AFt’s formation.

3.4 Pore structure of GO-SAC paste

The pore structure of the selected samples was measured
by the BET method in this study. Figure 4 shows the pore
size distribution of SAC and GO-SAC at the ages of 6 hours
and 24 hours. Frompore size distribution curve, one rather
similar most probable pore with the size of ~40 nm are ob-
served in the SAC and GO-SAC samples. It can be found
from Figure 4a that the 6 hours GO-SAC sample has more
the pores with sizes less than 150 nm, compared with
the control SAC sample. This means that the previous GO
prompted a large amount of AFt to compensate for the
coarse holes in the GO-SAC matrix, while the AFts over-
lap each other to formmoremicropores. This improves the
compressive strength and flexural strength of the GO-SAC
sample at the age of 6 hours. However, as shown in Fig-

ure 4b, there is no significant difference observed in the
pore size distribution and the corresponding pore percent-
age of SAC and GO-SAC at the age of 24 hours. This corre-
sponds to the little change in the compressive strength and
flexural strength at the age of 24 hours. It also indicates
that GO only accelerates the early hydration process, ac-
celerating the formation of AFt, and has little effect on the
post-hydration.

Figure 4: Pore size distribution of SAC and GO-SAC: (a) at 6 h; (b) at
24 h

3.5 DSC-TG analysis of SAC and GO-SAC

Figure 5 shows the DSC, TG and DTG patterns of SAC and
GO-SAC at the age of 6 hours. There are three significant
endothermic DSC peaks observed from Figure 5. The first
peak in the temperature from 50∘C to 150∘C corresponds
to the dehydration reactions of AFt. The loss of crystalline
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water of AFt leads to it being transformed to AFm. At about
250∘C, the second endothermic peak and the correspond-
ingmass loss are occurred due to the dehydration reaction
of the low sulfur type calcium sulphoaluminate [51, 52]. At
about 730∘C, it is shown that the third endothermic peak
and the corresponding mass loss are initiated by the crys-
tal transformation of β-C2S and the decomposition of cal-
cium carbonate [44].

It is inferred from the first peak shown in Figure 5 that
the addition of GO is associated with the significant differ-
ence of mass loss at the age of 6 hours. The mass loss of
SAC at 6h is about 7% (as shown in Figure 5a), and the
mass loss of GO-SAC is about 7.6% (as shown in Figure 5b)
in the temperature range of 50∘C ~150∘C. This difference
is caused by the difference of AFt content, indicating that
the addition of GOpromotes the formation of AFt at the age
of 6 hours. As a conclusion, the results of DSC-TG analysis
supports the results from XRD and SEM characterizations
as well.

Figure 5: DSC, TG and DTG patterns of samples at the age of 6h. (a)
DSC, TG and DTG patterns of SAC; (b) DSC, TG and DTG patterns of
GO-SAC

3.6 Hydration heat analysis

Figure 6 shows the hydration heat release rate curve of
SAC and GO-SAC. According to Figure 6a, there are three
consecutive exothermic peaks observed in the control SAC
sample. The addition of GO has increased the peak in-
tensity of the first exothermic peak from 6.1 mW/g to 7.0
mW/g, while the second peak is almost unchanged. The
third peak is decreased from 8.0W/g to 7.4W/g and the ap-
pearance of this peak is advanced under the effects of GO.
Thus, it seems that GO slightly accelerates the hydration of
SAC, making the heat release peak slightly ahead.

Overall, the addition of GO cannot lead to a large
change of the hydration heat release rate, which also indi-
cates that GO cannot participate in the hydration reaction
during SAC hydration. According to XRD analysis and SEM
observation, it can be inferred that GO is mainly involved
in the crystallization process of hydration products in the
SAC system so that the hydrated product AFt is first crys-

Figure 6: Hydration heat analysis of SAC and GO-SAC: (a) heat flow
curves; (b) cumulative heat curves
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Figure 7: In situ ATR investigation. In situ ATR spectra of (a) SAC; (b) GO-SAC; the in situ ATR spectra from 1000 cm−1 to 1200 cm−1 of (c) SAC;
(d) GO-SAC; (e) the peak-to-time relationships of AFt between SAC and GO-SAC.

tallized. The type of hydration product finally formed by
GO-SAC has been not changed, but the crystallization se-
quence of hydration products has been changed.

3.7 In situ ATR investigation

Figure 7a and b show the change in the ATR spectrum due
to the sulfoaluminate cementhydration reactionwithin 30-
150 minutes. The bands at 1650 cm−1 and 3000-3600 cm−1
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represent free water, while the bands at 1100 cm−1 are at-
tributed to AFt of the sulphoaluminate cement hydration
product [53–56]. It can be noticed fromFigure 7a and b that
the peak intensity of AFt gradually reduces and the peak
intensities of free water increase as time goes by. This cor-
responds to the formation of AFt and the consumption of
free water during the hydration reaction, respectively.

The data in the 1000-1200 cm−1 bands were observed
separately to understand the formation and evolution of
AFt in SAC (Figure 7c) andGO-SAC (Figure 7d) over time. As
shown in Figure 7c and 7d, the peak intensity of AFt in GO-
SAC is higher than that in SAC. In order to better compare
the promotion of GO on the formation of AFt in GO-SAC,
the peak-to-time relationships of AFt between SAC andGO-
SAC are extracted from Figure 7c and d and recorded in
Figure 7e. It can be noticed from Figure 7e that AFt of GO-
SAC reaches its maximum peak at 60 min and that of SAC
reaches itsmaximumpeakat 70minutes, indicating the ac-
celerated formation of AFt with the help of GO. Moreover,
the significant differences in the peak intensity of AFt be-
tween SAC andGO-SAC can be observed throughout the pe-
riod of cement hydration within 30-150 minutes. This indi-
cates that more AFt is generated in GO-SAC comparedwith
SAC, giving good support to the results of SEM and XRD at
the age of 100 minutes. In addition, in situ ATR results fur-
ther explain that the reason why the flexural strength is
increased by 121% at 100 min is due to a large amount of
fibrous AFt formed by the incorporation of GO.

4 Conclusion
In this study, 0.04wt%GOwas incorporated into SAC to im-
prove the ultra-early strength within 24 hours for the use
of rapid repair engineering. The tentative conclusions can
be summarized as follows.

1. Incorporation of minute quantities of GO can sig-
nificantly increase the compressive and flexural
strength of SAC within 24 hours, the compressive
strength of GO-SAC are 25.4%, 46.9% and 5.8%
higher than that of SAC at 100min, 6h, and 24h, re-
spectively and the flexural strength of GO-SAC are in-
creased by 121.4%, 13.3% and 1.4% compared with
control SAC at 100min, 6h, and 24h.

2. Addition of minute quantities of GO increases the
crystallinity of the hydration product AFt of SAC at
the early ages such as 100min and 6h, having no ef-
fect on the type of hydrated product produced.

3. Fibrous AFt acts as a fiber reinforcement for im-
proved flexural strength and compressive strength

before 6 hours. After 24 h, the difference in mi-
crostructure between GO-SAC and SAC is reduced,
and the enhancement of AFt is weakened.

SAC is used as road repair material, and its cost can be
acceptable. Moreover, the addition of the low amount of
GO makes the cost of GO-SAC more controllable. GO-SAC
exhibits great potential to improve the ultra-early strength
of SAC. However, we need to carry on the GO-SAC system
more in-depth study, including the effect of the different
concentrations of GO on the mechanical properties of SAC
at early ages.
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