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Abstract:

Background:

In order to provide space for improving the durability of engineering structures by enhancing strength, the addition of nanomaterials has become a
research trend in recent years. Graphene and its derivatives have unique properties and have been used in certain fields, which has also stimulated
continuous and in-depth research on whether it can improve structural strength.

Objective:

This paper investigates the mechanical properties and mechanism of cement-based materials reinforced by Graphene Nanoplatelets (GNPs).

Methods:

Macroscopically, the flexural strength and compressive strengths of cement mortar were tested. Microscopically, the structure and composition
were characterized and analyzed by SEM, EDS, and XRD.

Results:

The results show that the mechanical properties of modified cement mortar are directly related to the GNPs content. When the GNPs content is
0.04wt%, the flexural and compressive strength can still be increased by 12.8% and 33.9% after 28 d. Furthermore, the appropriate content of
GNPs dispersed in the cement matrix played a role in promoting cement hydration. The interconnection with hydration products further reduces
cracks and pores so that the cement composites form a denser microstructure.

Conclusion:

The results obtained above would provide references for understanding the reinforcement mechanism of GNPs.
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1. INTRODUCTION

At  present,  cement-based  materials  are  still  the  most
widely  used  in  building  and  construction  fields  [1,  2].
However, it has poor durability and high maintenance costs due
to  high  brittleness,  easy  cracking,  low  toughness,  and  low
tensile strength [3 - 6]. This limits the application to a certain
extent. Therefore, many researchers seek new methods to meet
the high-performance requirements of cement-based materials
[7 - 9].

It has been found that nanomaterials can control the gene-
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ration  of  microcracks  at  the  nanoscale  through  a  series  of
explorations  in  recent  years,  which  provides  more  effective
enhancements to the properties of materials [10, 11]. As a kind
of  nanomaterial,  graphene  has  been  used  in  cement-based
materials due to its excellent chemical, mechanical, electrical,
optical, and thermal properties [12, 13]. All along, the research
on  Carbon  Nanotubes  (CNTs)  or  Graphene  Oxide  (GO)  has
been  relatively  active.  However,  research  on  Graphene
Nanoplatelets (GNPs), which are also graphene derivatives, are
not rich enough [14, 15].

GNPs are composed of graphene sheets with a thickness of
less than 100 nm and a diameter of a few microns. GNPs are
difficult to disperse in aqueous solutions and other solvents due
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to  their  small  particle  size  and  strong  van  der  Waals  force
between molecules. So, its dispersion in composite materials is
the primary factor [16, 17]. A related study has found that the
combination of surfactant and ultrasonic vibration can achieve
stable dispersion of graphene in the matrix without destroying
the  original  structure  and excellent  performance of  graphene
[18]. For the modified cement-based materials, related research
showed that adding appropriate content of GNPs can improve
the mechanical properties of the cement-based materials. Wang
et  al.  [19]  found that  the  GNPs–cement  composite  exhibited
better mechanical properties with the help of surface-modified
GNPs.  The flexural  strength of  cement paste increased up to
15%~24%  with  0.05wt%  GNPs  (by  weight  of  cement).
Meanwhile,  the  compressive  strength  of  the  GNPs–cement
composite  increased  up  to  3%–8%.  Tao  et  al.  [20]  also
investigated the effect of graphene nanoplatelets (GNPs) on the
microstructure  and  mechanical  properties  of  cement  mortar.
The results showed that appropriate incorporations of GNPs in
cement mortars could densify the microstructure and enhance
the mechanical properties. Similar research results can also be
seen in other literature [21, 22]. However, some studies have
shown  that  excessive  GNPs  will  have  a  negative  effect.  For
example, Sun et al. [23] even reported two percolation dosages
of  GNPs.  The  large  content  of  GNPs  in  the  cement  matrix
would  lead  to  a  significant  drop  in  mechanical  properties,
which limits the uses of GNPs-cement composites as structure
materials  consequentially.  In  addition,  it  is  also  cost-compe-
titive compared with other graphene materials [24]. Thus, the
application of GNPs in industrial production and improving the
performance  of  composite  materials  also  have  research
significance.

Considering the conditions available in this research insti-
tute,  GNPs  dispersion  solution  were  prepared  by  using
Polycarboxylate  Superplasticizer  (PS)  as  a  surfactant  and
combining with the dispersion method of ultrasonic vibration.
Modified  cement  mortar  specimens  with  GNPs  (dispersion
concentrations  of  0.00%,  0.02%,  0.04%,  0.06%,  0.08%  and
0.10%  by  weight)  were  fabricated  successfully.  In  order  to
study the mechanical properties, the flexural and compressive
strength  were  first  tested.  Then  the  microstructure  and
composition  were  characterized  by  Scanning  Electron
Microscope  (SEM),  Energy  Spectrometer  (EDS),  and  X-ray
Diffractometer  (XRD),  which  were  used  as  mechanism
analysis.

2. MATERIALS AND METHODS

2.1. Materials

The chemical composition and content of Portland cement
(P.O 42.5) produced by Jiangsu Beigu Cement Plant are listed
in  Table  1.  The  gradation  curve  of  China  ISO standard  sand
(CISS) obtained from Xiamen ISO Standard Sand Co., Ltd. is
shown  in  Fig.  (1),  meeting  the  requirements  of  “Sand  for
construction”  (GB/T  14684-2011).  Its  distribution  curve  is
completely in Zone II, indicating that its gradation fully meets
the use requirements of sand. This not only makes the friction,
water  retention,  and  tamping  properties  of  cement  mortar
mixture  better  but  also  makes  the  shrinkage  of  the  cement
mortar smaller. Tap water is used in this study. The physical

properties of GNPs purchased from Suzhou Tanfeng Graphene
Technology Co.,  Ltd.  are listed in Table 2.  The performance
parameters  of  PS dispersing GNPs purchased from Shanghai
Chenqi Chemical Technology Co., Ltd. are listed in Table 3.

Table 1. Chemical composition and content of cement.

No. Chemical Composition Content (% by Weight)
1 CaO 65.8
2 SiO2 21.6
3 Al2O3 4.3
4 Fe2O3 2.6
5 MgO 1.2
6 SO3 1.6
7 K2O 0.7
8 Na2O 0.4
9 LOI 1.8

Fig. (1). Grading curve of China ISO standard sand (CISS).

Table 2. Physical properties of GNPs.

Appearance Sheets Diameter
(μm)

Thickness (nm) Surface Area
(m2/g)

PH

Black powder 10.0~50.0 3.4~8.0 191.8 7.0

Table 3. Performance parameters of PS.

Appearance PH Moisture
Content

(%)

Cement
Paste

Fluidity
(mm)

Mortar Water
Reduction Rate

(%)

Off-white powder 7.1 1.8 280.0 16.0

2.2. Mix Design

6 levels of mix ratios are listed in Table 4 referring to the
“Method of testing cements-Determination of strength (ISO)”
(GB/T  17671-1999). The  water-cement  ratio  was  fixed  at
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Table 4. Mix design of GNPs modified cement mortar.

Specimens W/C Cement (g) Sand (g) Water (g) GNPs (g) PS (g)
M1 (0.00wt% GNPs) 0.425 450 1350 191.25 0.00 0.9
M2 (0.02wt% GNPs) 0.425 450 1350 191.25 0.09 0.9
M3 (0.04wt% GNPs) 0.425 450 1350 191.25 0.18 0.9
M4 (0.06wt% GNPs) 0.425 450 1350 191.25 0.27 0.9
M5 (0.08wt% GNPs) 0.425 450 1350 191.25 0.36 0.9
M6 (0.10wt% GNPs) 0.425 450 1350 191.25 0.45 0.9

0.425.  The  contents  of  GNPs  were  0.00%,  0.02%,  0.04%,
0.06%, 0.08% and 0.10% of the mass of the cement,  respec-
tively. The content of PS was 0.20% of the mass of the cement,
referring to the recommended content of its material production
plant.  The  water  consumption  of  it  containing  working
conditions  is  reduced  by  15%  because  PS  plays  the  role  of
water reducing agent. GNPs were added into cement instead of
water in the same way as an aqueous solution.

2.3. Preparation of GNPs Suspension
The van der Waals force of GNPs will make it agglomerate

in an aqueous solution. Therefore, it is necessary to effectively
disperse  it  to  obtain  a  uniform  dispersion  solution.  Fig.  (2)
shows the entire preparation process of GNPs suspension. PS
was first mixed with one-third of the total water. PS solution
was  obtained  by  hand  stirring  for  1  min  and  ultrasonic
vibration for  approximately 5 min.  Then the weighted GNPs
were added to obtain uniform suspension by hand stirring for 1
min and ultrasonic vibration for approximately 30 min.

2.4. Fabrication and Curing of Specimens
After stirring for 3 min,  the cement mortar was cast  into

the mold with a size of 40 mm×40 mm×160 mm and shook on
a shaker for 2 min (60 times/min). Specimens were demoulded
after 24 h and immediately placed in a standard curing box (the
temperature is 20 ± 2 °C, the relative humidity is above 90%)
for 7 d, 14 d, and 28 d.

2.5. Test Methods

The mechanical properties of cement mortar were tested by
a DY-208JX full-automatic pressure testing machine according
to the “Method of  testing cements-Determination of  strength
(ISO)” (GB/T 17671-1999). The morphological characteristics
of cement mortar were studied by an S-3400N SEM (Hitachi
from Japan). The samples for SEM were taken from the middle
of  the  section  of  the  mortar  specimen,  which  had  been
subjected  to  the  flexural  and  compressive  tests.  The  cement
mortar  hydration  product  composition  was  studied  by  a  D8
ADVANCE XRD (BRUKER from Germany). The specimens
for XRD was crushed into powders and passed through a sieve
of 80μm. Then a certain amount of powder was taken for XRD
testing. The scanning angle (2θ) ranged from 5° to 90°and the
scanning step size was 0.02° at a rate of 0.5 s per step.

Fig. (2). Preparation process of GNPs suspension. (The ultrasonic frequency is 40 kHz. The ultrasonic power is 120 W.)
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3. RESULTS AND DISCUSSION

3.1. Mechanical Properties

Figs. (3 and 4) showed that the flexural and compressive
strength  of  cement  mortar  with  different  contents  of  GNPs
dispersed  after  7  d,  14  d,  and  28  d.  Standard  deviations  of
strength  in  all  specimens  are  small,  implying  a  uniform
dispersion  of  GNPs  in  cement  mortar  as  well  as  stable  and
reliable results.

Fig. (3). Flexural strength of GNPs modified cement mortar.

Fig. (4). Compressive strength of GNPs modified cement mortar.

It can be seen that the flexural and compressive strengths
of  GNPs  modified  cement  mortar  increase  with  curing  time
prolongs when the water-cement ratio is constant. This is due
to  the  continuous  hydration  of  cement.  The  most  important
point is that the flexural and compressive strengths of cement
mortar are also improved with the addition of GNPs, which can
be attributed to the “filler effect” for accelerating the hydration
reactions of the cementitious materials [25]. When the content
of GNPs is in the range of 0~0.04wt%, the strength increases.

When the content of GNPs is in the range of 0.04~0.10wt%,
the strength shows a downward trend. This trend has also been
reported  in  other  similar  studies  [20,  26].  The  flexural  and
compressive  strengths  of  M3  (0.04wt%  GNPs)  have  the
maximum value on the basis of this experiment. The flexural
strength reaches 6.4 MPa, 8.2 MPa, and 9.7 MPa after 7 d, 14
d, and 28 d. The compressive strength reaches 44.0 MPa, 50.9
Mpa,  and  56.5  MPa,  respectively.  Compared  with  ordinary
cement  mortar  M1  (0.00wt%  GNPs),  the  flexural  strength
increases by 16.4%, 17.1%, and 12.8%, while the compressive
strength increases by 33.3%, 36.1%, and 33.9%, respectively.
This reveals that the appropriate content of GNPs has a great
influence  on  the  strength  of  cement  mortar.  When  GNPs
exceed a certain content, their strength decreases. The reason
for the preliminary analysis may be that the content of GNPs
affects  its  dispersion  effect  on  the  cement  matrix.  Low  or
appropriate  content  of  GNPs  should  be  well  dispersed  after
ultrasonic vibration, which is easy to combine with the cement
matrix. Agglomeration will occur if it is excessive, resulting in
poor dispersion and no effect of continued enhancement.

Furthermore,  the  above  results  are  compared  with  other
documents shown in Table 5. In terms of the strength increase
rate after 28 d, the GNPs in the current study have the potential
to  improve  the  mechanical  properties,  especially  the
compressive strength can be increased by 33.9%. The reason
may be due to the physical properties of GNPs, such as shape
and morphology [27]. Reference [28] also has proven that the
inconsistent  regularity  of  compressive  strength  and  flexural
strength of reinforced concrete is enhanced by nano-silica and
other nanomaterials.

Table  5.  Comparison  of  existing  strength  values  with
current  study.

Matrix W/C GNPs
Contents

(wt%)

Increase Rate after 28 d
(%)

Reference

Flexural
Strength

Compressive
Strength

Mortar 0.425 0.04 12.8 33.9 Current
Study

Mortar 0.367 0.05 15.6 8.3 [20]
Paste 0.300 0.06 27.8 11.0 [29]

3.2. SEM Characterization and EDS Analysis

In  order  to  obtain  a  deeper  insight  into  the  influence
mechanism of the above GNPs on the flexural and compressive
strength  of  cement  mortar,  the  microstructure  of  three  key
specimens (M1, M3, and M6) was characterized by SEM at a
high magnification of 5.00k. EDS analysis was performed on
area 1, 2 and 3 in the SEM image to confirm the presence of
GNPs  in  the  cement  matrix  and  its  effect  on  the  hydration
products. The area 1, 2, and 3 in the SEM image are controlled
to be equal during analysis. The results are shown in Fig. (5).
Due to mechanical pressure and other reasons in the specimen
preparation process, there is a gap in the micro-morphology of
the ordinary cement matrix (M1). The fibrous C-S-H crystals
and the prism ettringite (AFt) produced by cement hydration
are disorderly arranged. This is macroscopically obvious holes
and cracks, which will make the overall structure uneven and
have a great negative impact on performance. On the contrary,

0.00 0.02 0.04 0.06 0.08 0.10
5

6

7

8

9

10

Fl
ex

ur
al

 st
re

ng
th

 (M
Pa

)

Contents of GNPs (wt%)

 7d   14d   28d

0.00 0.02 0.04 0.06 0.08 0.10
30

35

40

45

50

55

60

C
om

pr
es

si
ve

 st
re

ng
th

 (M
Pa

)

Contents  of GNPs (wt%)

 7d   14d   28d



Improvement of Flexural and Compressive Strength The Open Civil Engineering Journal, 2021, Volume 15   169

the  addition  of  GNPs  made  the  cement  hydration  products
more abundant. It overlapped with products (C-S-H and AFt)
to form a layered structure, which was denser without obvious
pores and was stacked in an orderly manner. This means that
GNPs  may  play  a  role  in  adjusting  the  shape  of  hydrated
products and filling the gaps and pores of the cement matrix.
This  is  beneficial  to  delay  the  extension  of  microcracks,
thereby improving the mechanical properties of cement mortar.
When  the  content  of  GNPs  rises  to  0.10wt%,  sheet-like
aggregates could be observed. It is speculated that this pheno-
menon is caused by the aggregation of GNPs. GNPs might pile
up  into  a  block  and  might  not  be  combined  with  the
surrounding  cement  matrix  when  its  content  is  too  high.
Therefore, it will reduce the density of the structure and cause
the mechanical properties of the cement mortar to decrease. It
can  be  judged  from  Fig.  (5)  that  the  hydration  products  of
cement-based materials are mainly composed of Ca, Si, O, C,
Al,  S,  Na,  and Fe.  The content  of  Ca,  Si,  and O element  are
relatively  high  in  area  1,  indicating  that  the  area  selected
contains hydration products (AFt, C-S-H crystals). Both grow

alternately, which is consistent with the SEM image. Besides,
the  content  of  Ca  and  C  elements  in  area  2  increases.  It  not
only  demonstrates  that  the  dispersion  method  of  ultrasonic
vibration could disperse GNPs into cement-based materials but
also  indicates  that  the  lamella  structure  observed  is  indeed
formed by the addition of 0.04wt% GNPs. Due to nano-size of
GNPs,  it  plays  a  significant  role  in  the  pore  filling  process,
reducing the porosity of cement-based materials and improving
the microstructure. Further, it can be seen that the content of
the Ca element continues to increase in area 3 while the content
of the Si and O element decreases. This might imply that the
high content of GNPs is aggregated in the selected area. It has
a certain influence on the growth form and quantity distribution
of hydration products, reducing the performance improvement
effect  and matching the actual  situation.  Based on the above
analysis, this further confirms the judgment in Section 3.1 that
the proper content of GNPs can successfully limit the propa-
gation of cracks using its own structure. It is conducive to the
improvement of the strength of cement-based materials.

Fig. (5). SEM images and EDX spectrum analysis of M1, M3, and M6 after 28 d curing.
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3.3. XRD Analysis

In order to further analyze the impact of GNPs on cement
hydration products, XRD tests were also performed on speci-
mens (M1, M3, and M6) after 28 d. The results are shown in
Fig. (6). It can be seen that the main crystal products of cement
hydration include calcium hydroxide (CH), hydrated calcium
silicate (C-S-H), ettringite (AFt), and calcium sulfoaluminate
hydrates  (AFm).  CH  and  C-S-H  represent  the  continuous
hydration  of  cement  and  the  regulation  mechanism  of
hydration.  By  comparison,  it  is  found  that  the  trend  of  the
diffraction peak curves of M3 and M6 is similar to that of M1.
The  positions  of  the  diffraction  peaks  of  the  main  crystal
products are the same, but the intensity is slightly different. It
is found that no new crystal diffraction peak appeared. Due to
the addition of GNPs in M3 and M6, the diffraction intensity of
CH at  the  diffraction  peaks  represented  by  20º,  36º,  and  60º
significantly decreased. Perhaps this manifests that GNPs can
promote the hydration reaction of cement. It has no effect on
the type of hydration crystal formation and only has a certain
inhibitory  effect  on  the  formation  of  hydration  products.
However, the diffraction peak intensity of products CH, C-S-H,
and AFt will  be slightly improved compared to M3 and M6.
This signifies that the crystallinity of CH, C-S-H, and AFt is
high. It is speculated the reason is that excess GNPs cannot be
dispersed more effectively, affecting their binding ability with
hydration  products.  It  also  indirectly  causes  cracks  in  the
cement  matrix  and  reduces  the  macro-mechanical  effect.
Therefore, the above analysis further explains why GNPs can
play a role in strengthening and toughening cement mortar.

Fig. (6). XRD spectrums of M1, M3, and M6 after 28d curing.

CONCLUSION

This paper explores the effect of GNPs on the flexural and
compressive properties of cement mortar. The conclusions are
summarized as follows:

Adding  appropriate  content  of  GNPs  could  improve[1]
the mechanical properties of cement mortar. Based on
the background, conditions, and methods of the current
study, 0.04wt% GNPs achieves the best performance
that  the  flexural  and  compressive  strength  of  rein-
forced cement mortar increased by 12.8% and 33.9%
after 28 d, respectively.
The  appropriate  content  of  GNPs  could  improve  the[2]
microstructure of cement mortar. 0.04wt% GNPs can

be effectively dispersed into the cement matrix and fill
the  internal  cracks  and  pores,  which  is  beneficial  to
improve the density of the overall structure.
The appropriate content of GNPs could promote cem-[3]
ent hydration. After 0.04wt% GNPs participated in the
hydration  reaction,  it  generated  new  hydration
products and also effectively inhibited the formation of
CH crystals in the hydration products.

The  results  obtained  in  this  investigation  suggest  that
GNPs  have  the  potential  for  use  as  nano-reinforcement  in
cement composites materials. However, it needs further study
as  to  what  content  is  added  to  other  types  of  cement-based
composites  and  how  it  affects  the  strength.  In  addition,  it  is
necessary to apply this nano-scale crack “repair” technology to
the  maintenance  and  reinforcement  of  future  engineering
structures.
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