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Enhanced mechanical properties of mortar with graphene in the
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Abstract: More than 8 000 grottoes and cliff statues are located in Sichuan and Chongging. Most are made
from sandstone. The sandstone has deteriorated due to long-term environmental effects, posing a threat to
the cultural relics. Graphene sheets are added to the traditional mortar of the sandstone cultural relics to
enhance the properties, which is defined as “CH@ G mortar”. The mechanical properties and volume
stability of the CH@G mortar are enhanced by the graphene sheets. The highest strength is obtained by
the addition of 0. 07% graphene sheets, and its values (increased proportion compared with CH mortar) of
compressive strength, flexural strength and tensile strength at 56 d are 4. 21 MPa (7. 36 %), 2. 21 MPa
(19.46%) and 0. 47 MPa (51. 61%), respectively. The FT-IR and Raman spectra results show that the
graphene sheets have little influence on the composition of the products, and could accelerate the hydration
in the early days, according to the XRD results. The SEM images show that graphene sheets could form a
uniform and compacted microstructure.,
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1 Introduction

There are more than 8 000 grottoes and cliff
statues located in Sichuan and Chongqing. These
are mainly carved out of the thick sandstone and
mudstone strata of the Jurassic Period of the
Mesozoic Era. The most famous stone cultural
relics are the Leshan Giant Buddha and the Dazu
rock carvings'. The sandstone cultural relics have
deteriorated over time due to both environmental
causes and human activity, and conservation work
has been carried out several times in the past
decades in an effort to preserve them. In 2001,
Chinese experts used traditional materials to repair
the head, chest and abdomen of the Leshan Giant
Buddha.

The mortar used for the conservation of traditional
sandstone cultural relics is a cementitious material
composed of lime, sand, slag and a small amount
Cementitious materials

of cement. possess

but lack

toughness and volume stability™®®. The traditional

relatively high compressive strength,

materials used in the chest and abdomen areas of
the Leshan Giant Buddha show some deterioration
due to multiple factors. The deterioration of the
chest and abdomen (exfoliation, hollow, crack and

water infiltration) is shown in Fig. 1.

s

Disease schematic

F:Point load test result

Fig. 1 Schematic images showing deterioration of Leshan
Giant Buddha

Graphene, which has a high elastic modulus (1
TPa) (130
GPa) "1, is considered an ideal candidate for

improving the mechanical properties of cementitious

and excellent mechanical properties

material, and previous results indicate that adding
graphene to cementitious matrices can enhance the
toughness of the resultant composites-'!**,

In this paper, traditional mortar used in the
conservation of sandstone cultural relics is named
CH mortar due to its Chinese name “Chui Hui”,
Graphene is used to improve their mechanical
properties, and the mortars with graphene are
defined as CH@G mortars. Mechanical properties,
shrinkage rate, ultrasonic wave velocity, the
composition of the products, morphology and the

mechanism of the graphene effect are investigated.

2 Experimental Section

2.1 Materials
2.1.1 CH mortar

The raw materials of the CH mortar were
lime, slag, sand and a small amount of cement.
Mixing and ramming were employed to make the
particles distribute uniformly.

The cement and lime were local products. The
X-Ray Diffraction (XRD) results are shown in
Table 1. The sand was purchased from Xiamen ISO
Standard Sand Co, Ltd.. The slag, which was
steel mill waste, was purchased from Desheng
Steel Co. ., Ltd.
distribution curves of the slag and sand are shown
in Fig. 2.
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Fig. 2 Particle size distribution curves of slag and sand

Table 1 XRD Semi-quantitative analysis of cement and lime

Raw Material CsS/% C2S/ % CsA/ %

CyAF/ %

Raw Material Ca(OH)»/%  CaCOs/%  SIO2/%

Cement 60. 88 18. 49 7.22 13. 41

Lime 90. 70 6. 09 3.61
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2.1.2 Graphene

Graphene sheets was purchased from Deyang
Carbonene  Co.  in
microstructure and chemical composition were tested by
High
Microscope
(HRTEM) and X-ray Photoelectron Spectroscopy
(XPS). As shown in Fig. 3 (a), the microstructure of

Sichuan  province. The
Transmission Electron Microscope ( TEM),

Resolution  Transmission Electron

graphene is similar to overlapping nano-fibers. Fig. 3
(b) shows the HRTEM image of the graphene sheet.
The sheet has 6~7 single carbon layers., As shown in
Fig. 3 (), the intensity of the Cls peak is greater than
that of the Ols peak. The Cls spectrum contains four
peaks, including peak A (C=C) at 284. 4 eV, peak B
(C—0) at 286. 9 eV, peak C (C=0) at 287.7 eV,
and peak D (COOH) at 288, 8 eV.

(b)
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Fig.3 (a)TEM, (b)HRTEM images and (c)XPS

survey of graphene sheets

2.2 Specimen preparation
The preparation procedureis illustrated in Fig. 4.

First,  graphene and hexadecyl trimethyl
ammonium bromide (CTAB) were dispersed into
50 ml deionized water and ultrasonicated for 10
min. Next, cement and lime were mixed and
stirred, and slag and sand were added after 1 min
of low speed stirring. Finally, the graphene
dispersion was dropped into the CH mortar.
Ramming was employed to make the particle
distribution more uniform after mixing. The

mixture was molded to different types of specimens

for testing and characterization.
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Fig. 4 Preparation of CH@G mortars i

Table 2 presents the recipes for preparations of
various CH and CH@G mortars. The weight
percentages of the graphene sheets in the mortars
were 0.01%, 0.03%, 0.05%, 0.07% and 0.10%
of all raw materials (lime, cement, slag and sand).
The water binder ratios of all specimens were
0.30. The size of the samples for compressive
strength was 70. 7 mm><70. 7 mmX70. 7 mm, and
the flexural strength test samples were 40 mm X
40 mm X160 mm. The Brazilian disc test was used
to test the tensile strength of the samples, and the

size of the samples was ¢50 mm>X100 mm.

Table 2 Recipes of CH and CH@G mortars

Lime/ Cement/ Sand/ Slag/  Graphene/
Samples
% % % % %

CH 0
CH@G-1 0.01
CH@G-2 0.03

22.2 11.1 26.7 40
CH@G-3 0. 05
CH@G4 0. 07
CH@G-5 0. 10

All samples for testing and characterization
were cured in an environment (parameters: 8:00—
20:00, 20 °C, RH 65%, 20:00—8:00, 15 ‘C, RH
75%) similar to that of the Leshan Giant Buddha
area, and the parameters of the curing condition
were controlled by a temperature and humidity
( BG/TH-100, Shanghai
Equipment Co. Ltd. ).

curing box Bogong

2.3 Experimental methods

2.3.1 Shrinkage rate and ultrasonic wave velocity
The shrinkage rate of the specimens (40 mm X

40 mm X 160 mm) at different ages was measured
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by an electronic micrometer with an accuracy of
0.001 mm. The ultrasonic wave velocity of the
samples (¢=50 mm, height=100 mm) at different
ages was obtained by an RSM-SY5 (T) nonmetal
acoustic detector.
2. 3.2 Mechanical properties

Compressive strength, flexural strength and
tensile strength were tested on a universal
mechanical testing machine. The flexural strength
of 40 mm X 40 mm X 160 mm samples was
determined with a central-loading method, and
then the compressive strength test was conducted
after the flexural test on the remaining samples.
The rate of loading was 2 mm/min. All test results
were the average value of three replicate samples.
2. 3.3 Characterization

The microstructure of all samples was
examined by scanning electron microscope (Hitachi
S-4800, Japan ) and
microscope (Hillsboro, Tecnai G2 F20). Chemical

performed using X-ray

transmission  electron
state assignment was
photoelectron spectroscopy ( Waltham, Thermal
Escalab 250 Xi ).

characterizations of specimens were obtained by

Scientific Surface
FT-IR spectra analysis (Bruker, Tensor 27),
Raman spectra analysis (France, LabRAM HR)
and X-ray diffraction (Rigaku, D/max-2400).

3 Results and discussion

3.1 Shrinkage rate

The shrinkage rates of all samples are shown
in Fig. 5. The shrinkage rate of the CH specimen
increases rapidly during 0-7 d, and then slowly
increases from 8 d to 14 d. Finally, the value
remains almost constant after 15 d. The CH@G
specimens show a tendency similar to that of the
CH specimen, but all shrinkage rate values are
lower than those of the CH specimen, indicating
that the addition of grapheme can enhance the
volume stability of the CH@ G specimens. When
percentage of graphene added is 0. 07 wt%, the
specimen has the lowest shrinkage rate (0. 39%)
and the attenuation is 34. 74 % compared to the CH

specimen (0. 59%).
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Fig. 5 Shrinkage rate of specimens at different ages

3.2 Ultrasonic wave velocity
Ultrasonic wave velocity tests were employed
to reflect the degree of solidification of the

16) As shown in Fig. 6. all specimen

samples
values first decrease and then increase. Finally, the
value becomes stable. At 0 d, each sample has a
high initial value due to the water filling in the
pores. During 1-3 d, the water in the pores is
absorbed by the cement and lime, and the wave
velocity drops rapidly due to the loose and porous
microstructure. At 4-14 d, the wave velocity of
each specimen is simultaneously improved as the
cement and lime solidify, and the velocity value
increases as graphene is added. In the last period
(15~28 d), the wave velocities become stable. At
28 d, the velocities of the CH(@G specimens are
higher than those of the CH specimen. The
velocity of the CH(@ G-4 specimen is 1 670 m/s,
which is the highest value among all the samples,
and the increasement is 15. 17% compared to the

CH specimen,

2000
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Fig. 6 Ultrasonic wave velocity of specimens at different ages

3.3 Mechanical properties

3.3.1 Compressive strength
As shown in Fig. 7, the compressive strength
of the CH specimen at 56 d is only 3. 94 MPa. The
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compressive strengths of the CH @ G specimens
increase with the addition of graphene, and the
highest strength is obtained at 0. 07 wt%. The
strength completion degree is used to describe the
hardening rate of each sample. The compressive
strength value of each sample at 56 d is used as the
reference value in the compressive strength completion

170 The hardening rate gets faster in the

CH @ G specimens. The
completion degree of the CH and the CH @ G
specimens (1-5) at 7 d are 52. 30%. 60. 80%.,
62.69%, 65. 90%, 66. 11% and 65. 78%.,
respectively, suggesting that the addition of graphene

degree curve

compressive  strength

could accelerate the hydration of the CH@G specimens
in the early days.
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Fig.7 Compressive strength of specimens
at3d, 7d, 28 d and 56 d

3.3.2 Flexural strength

The flexural strengths are shown in Fig. 8.
The flexural strengths of the CH specimen are
0.89 MPa (3 d), 1. 34 MPa (7 d), 1. 60 MPa
(28 d) and 1. 85 MPa (56 d). With the addition of
graphene, the flexural strength at 56 d increased
for different degrees and the largest increasement is
19. 46% obtained in the CH @ G-4 sample. The
56 d flexural strength values of each sample are
used as the reference value in the flexural strength
completion degree curve. The flexural strength
completion degree curve shows a tendency similar
to that of the compressive strength completion
degree curve. The flexural strength completion
degrees at 7 d are 72. 40% (CH), 74. 71% (CH@
G-1), 75.22% (CH@G-2), 76.92% (CH@G-3),
76.94% (CH@G-4), and 76. 33% (CH@G-5),

indicating that the addition of graphene has the

potential to enhance the hydration reaction.
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Fig. 8 Flexural strength of specimens at 3 d,
7d, 28 dand 56 d

3.3.3 Tensile strength

As shown in Fig. 9, the tensile strength of the CH
specimen at 3 d, 7 d, 28 d and 56 d are 0. 13 MPa,
0.18 MPa, 0. 24 MPa, and 0. 31 MPa, respectively.
The tensile strength of the CH @ G specimens
increases with the addition of graphene. The CH@
G-4 sample exhibits the highest strength value
(0.47 MPa), and the increasement is 51. 61%.
The result shows that the addition of graphene to
the CH@G specimens has a significant influence on
the tensile strength. The 56 d tensile strength
value of each sample is used as the reference value
in the tensile strength completion degree curve.
The tensile strength completion degree of the CH
specimen at 7 d is 58.1%. With the addition of
graphene, the tensile strength completion degrees
of the CH@ G specimens, which are 60. 00%,
60.00%, 64.12%, 61.73% and 62. 23% ., change a
little at each dosage of graphene (0.01%, 0.03%,
0.05%5 0.07% and 0.10%).
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Fig. 9 'lensile strength of specimens at 3 d, 7 d, 28 d and 56 d

3.4 Products characteristics
3.4.1 FT-IR spectra
The FT-IR spectra of graphene, CH mortar
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and CH@G mortars at 28 d are presented in Fig.
10. As shown in Fig. 10, a characteristic broad
band that is responsible for hydroxyl stretching can
be observed around 3 450 ecm™!. The —COOH
carbonyl stretching at 1 730 cm ' for graphene is
very weak, likely because the absorption is slight
and is obscured by the range band of C=C at 1 630

“181) - The spectra of the CH mortar and the

cm
CH@ G mortars have similar characteristic peaks
such as 3 460 em ' (—OH), 1 470 cm ' (O—C—
0 and 778 em ™' (O—C—0), 950 em™ ' (C—S—
H) and 510 em™ ' (Si—O—Si). The results indicate
that the addition of graphene has little influence on
the composition of the products. However, the
characteristic peaks of graphene can rarely be
observed in the FT-IR spectra of the CH @ G
mortars. The Raman spectra are employed to
further analyze the existence of graphene in the CH

(@G mortars.

=== =3
T©¥ = Graphene

3450

-COOH C=C 0-Cc-0

20" CH(Control Group) C-S-H Si-0-Si

i CH@G-1 ihY

Transmittance

CH@G-3

CH@G-4

CH@G-5

4000 3500 3000 2500 2000 1500 1000 500
Wave numbers/cm™

Fig. 10 FT-IR spectra of graphene, CH mortar and CH@QG

mortars at 28 d

3.4.2 Raman spectra

The Raman spectra of graphene, CH mortar
and CH@G mortars at 28 d are shown in Fig. 11.
The spectrum of graphene contains three peaks,
namely D peak at 1 350 ecm™', G peak at 1 582
cm ™! and 2D peak at 2 700 cm™!. The D peak and
2D peak represent the high-frequency E,, phonon at
the center of the Brillouin zone, and the G peak
corresponds to the breathing modes of six-atom
rings?!. The spectrum of the CH mortar has four
including [ CO; ] bending

vibration, [ CO; ] symmetric stretching vibration,

characteristic peaks,

C bending vibration and O bending vibration, and

similar characteristic peaks are observed in the
spectra of the CH@G mortars. The results confirm
that the addition of graphene has little influence on
the composition of the products. A weakened peak
at 1 550 cm™ ', the G peak of graphene, can be
observed in the spectra of CH@G-2, CH@G-3,
CH@G-4 and CH@G-5, and the intensity of this
peak increased as the percentage of graphene added
increased. It suggests that the graphene has been
successfully added into the CH@G mortars.

G Graphene
2D
D
Bending Vibration of C and O
[CO,JBending Vlbration
[COK]Symmemr Stretching Vibration
‘ l CH(Control Group)
2 : :
gl : 1 CH@G-1
3 :
= ] CH@G-2
: CH@G-3
i CH@G-4
e ___CH@G-S
300 600 900 1200 1500 1800 2100 2400 27003 000
Wavenumbers/cm™!

Fig. 11 Raman spectra of graphene, CH mortar and
CH@G mortars at 28 d

3.4.3 XRD

XRD patterns of CH mortar, CH@ G-2 mortar
and CH @ G-4 mortar curing at different ages are
shown in Fig, 12. The specimens are mainly composed
of Ca(OH),, CaCOs, SiO;, AFt and unhydrated C;S,
but C-S-H could not be indexed by XRD due to its
amorphous property?.  The peak intensity of
unhydrated C; S can be used to analyze the
hydration rate of each sample. As shown in Fig. 12
(a), the peak intensity of unhydrated C;S in the
CH specimen at 1 d is a little higher than those
specimens of CH@G-2 and CH @ G-4, indicating
that the hydration rate of the CH mortar is
equivalent to that of the CH@G-2 and CH@ G-4
mortars at the first period (0-1 d). From Fig. 12
(b), the peak intensity of unhydrated C;S in the
CH specimen at 3 d is much higher than those
specimens of CH@G-2 and CH@G-4, and the peak
shows a decreasing trend with the increasing
contents of graphene. The results suggest that the
hydration rate of the CH mortar is much slower
than that of the CH@G-2 mortar and the CH@G-4
mortar at the second period (1-3 d). The hydration
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rate of the CH mortar is slower than that of the
CH@G-2 mortar and the CH(@ G-4 mortar at the
third period (3-7 d), as shown in Fig. 12 (¢). In
the fourth period, the peak intensity of the
unhydrated C; S in the CH mortar is as great as
those of the CH@ G-2 mortar and the CH@ G4

mortar.
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o .
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Fig. 12 XRD patterns of CH mortar, CH@G-2 mortar,
and CH@G-4 mortar curing for (a) 1d (b) 3d
(¢) 7dand (d) 28 d

The peak of Ca (OH), at 18" can be used to
analyze the amount of Ca (OH), due to its good
crystallinity™. The intensity of Ca(OH), in CH at
1 d is as high as that in the CH@G-2 and CH@G4,
meaning that the hydration rate of each sample is

similar to that in first period. The intensity of Ca

(OH); in the CH at 3 d is higher than that in CH@

G-2 and CH@ G4, indicating that the hydration
rate of the CH@G specimens is quicker than that
of the CH specimen. The trend shows a tendency
similar to the change of C;S. The results of XRD
demonstrate that graphene could enhance the
hydration of cement in the early days, leading to
higher strength of the CH@G mortars.
3.5 Product morphology

As shown in Fig. 13 (a), the CH specimen is
aggregation of laminated

mainly the crystal

Ca(OH), and fibrous C—S—H, and the whole
microstructure is loose, Fig. 13 (b), (c¢) show the
morphology of the CH @ G-2 specimen and the
CH@G-3 specimen, and the microstructure of the
two specimens is similar to that of the CH
As shown in Fig. 13 (d), a small

amount of graphene sheets exist between particles,

specimen,.

and the microstructure is still loose, indicating that
the effect of the graphene is not significant at this
content. From Fig. 13 (e), graphene sheets can be
observed in the CH (@ G-4 specimen, and the
microstructure of the CH (@ G-4 specimen is more
uniform and dense compared with the CH
specimen. As shown in Fig. 13 (f), more graphene
sheets can be observed, but the graphene shows a

tendency to agglomerate. It can be concluded that

the effect of graphene in the CH@G-5 specimen is

_Graphene
2

(d ) CH@G-3 mortar

C'ra[thcnc

—<— Graphene

@

(f) CH@G-5 mortar

Graphene |

yyyyy

(e ) CH@G-4 mortar

Fig. 13 SEM images of mortars at 28 d
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not more remarkable than that of the CH @ G-4
specimen. From the results of EDS (Table 3), the
addition of graphene has no significant influence on the

composition of the CH@G specimens, according to the

results of FT-IR, Raman and XRD. The results of
SEM and EDS suggest that a sprinkling of graphene
can control the shape and arrangement of the products
in the CH@G specimens.

Table 3 EDS data of marked area in SEM images

Element, Atomic/%

Sample
C O Mg Al Si K Ca Fe

CH 21.23 58. 37 1.04 3. 66 8. 85 0. 85 4.12 1. 88
CH@G-1 22.33 57.36 1.03 4. 04 9.02 0. 85 4. 85 0.52
CH@G-2 22.52 57.01 0. 98 4.12 9.11 0. 69 4. 98 0. 59
CH@G-3 21.98 57.25 0. 95 4.22 9.25 0. 65 5.02 0. 68
CH@G-4 21.38 57.02 0. 98 4.31 9.29 0.63 5.12 1.27
CH@G-5 22.08 57. 66 1.05 4. 28 9.22 0. 58 5.05 0. 08

3.6 Mechanism analysis
According to the experimental results and the
discussion above, the possible mechanism by which the

the

properties of CH mortar can be illustrated as follows

addition of graphene influences mechanical

(Fig. 14). In the hydration process, a complex reaction
is carried out among C; S, C;S, C;A and C, AF. The
products of hydration are AFt, AFm, Ca(OH), and
C—S—H. The corresponding reactions are expressed
by Egs. (1)~(4).

Caz Al; O (C3A) +3CaSO, » 2H,O+26H,O—
Cas Al, (SO,); (OH) 1, « 26H,O (AFD

2Ca; Al Os (C;A) +

Cas Al, (SO, 3 (OH) 1 » 26H, OCAFt) +4H,O0—

D

3Ca,;Al, (OH),, » SO, » 6H,O(AFm) 2
2Ca; SiO; (C;S) +6H, O—~
3Ca0 « 2Si0, + 4H,O(C—S—H)+3Ca(OH), (3)
2Ca, Si0, (C,S) +4H, O—~
3Ca0 « 2Si0, + 4H, O(C—S—H)+Ca(OH), (4)
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Fig. 14 Mechanism by which graphene influences the
CH@G mortars

Graphene sheets involve active groups (—OH,
—COOH, and —SO; H) after being functionalized
by CTAB, and acid-based reactions take place
between these active groups and Ca(OH),, leading
to a strong covalent force on the interface between

]

the graphene and the CH matrix"*). The reaction

sites and patterns are simultaneously controlled by
called the
effect'®). The products of hydration grow forward

the graphene, which is template
from the surface of the graphene in the same
direction, exhibit in an ordered way, and form a

The

and

compacted microstructure,
products the
volume stability of the CH@G mortars. Once the

uniform and

resultant improve strength
microstructure starts to crack or lose stability,
they would disperse into the pores and cracks as

filler to retard crack propagation.

4 Conclusion

Grapheneis used to enhance the mechanical
properties of CH@G mortars in this study. With
the increase of graphene sheets, the mechanical
properties of the CH (@ G mortars are enhanced.
The specimen with the highest strength is found at
0. 07 wt% level of graphene addition, where the
compressive strength, flexural strength and tensile
strength at 56 d are 4. 21 MPa, 2. 21 MPa and 0. 47
MPa, FT-IR and Raman spectra
show that the addition of graphene has little

respectively.

influence on the composition of the products, and
from the XRD results, the graphene could enhance
the hydration in the early days.
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