Case Studies in Construction Materials 18 (2023) e01603

Contents lists available at ScienceDirect

CASE STUDIES IN
CONSTRUCTION
MATERIALS

Case Studies in Construction Materials

-

.r:
ELSEVIER journal homepage: www.elsevier.com/locate/cscm

Case study

Mechanical properties of mortar and concrete incorporated with
concentrated graphene oxide, functionalized carbon nanotube,
nano silica hybrid aqueous solution

Dong-Hee Son “, Dongsun Hwangbo “, Heongwon Suh“, Baek-Il Bae b,
Sungchul Bae”, Chang-Sik Choi*

@ Department of Architectural Engineering, Hanyang University, Seoul, Republic of Korea
Y Department of Digital Architecture and Urban Engineering, Hanyang Cyber University, Seoul, Republic of Korea

ARTICLE INFO ABSTRACT

Keywords: The purpose of this study was to develop concrete with all advantages by using combinations of
Concrete . various nanomaterials (f-CNTs, NS, GO) and to evaluate the mechanical performance. The mixing
Graphene oxide method for the nanomaterials developed so far has been useful in the laboratory, but its appli-

Carbon nanotube
Dispersion
Mechanical properties

cation in an industrial scale is limited. Therefore, a method for mixing concentrated aqueous
solution was proposed by applying a dispersion method based on the functional group ratio of the
nanomaterials. The effectiveness of the concentrated aqueous solution was confirmed through
UV-Vis and mortar strength tests. To evaluate the mechanical performance of concrete, the
uniaxial compression and splitting tensile tests were performed. As a result, the splitting tensile
strength increased by about 23% and the elastic modulus by about 10% according to the incor-
poration of nanomaterials. In the absence of GO, which plays a major role in improving dispersion
in the concentrate method, the application of triple nanomaterials in the concentrate method is
essential as the variation of the tensile strength data is large. As the nanomaterial was incorpo-
rated and the dispersion was improved, not only the strength was increased, but also the volume
dilation and the yield point of the concrete were changed. Therefore, when nanomaterials are
used in concrete, the applicability of the nanomaterial itself needs to be improved to expand its
applicability. And the mechanical properties of concrete improved by nanomaterials should be
considered when designing structural members.

1. Introduction

The demand continues to increase for high-rise, large-scale, and large spaces in buildings. To keep pace with this demand, research
to reduce the cross-section and enable long spans through the high performance of building materials is steadily progressing. In
particular, various studies are being conducted to overcome the limitations of concrete by securing high strength and ductility for
concrete, which has excellent economic feasibility and can construct structures of various shapes. Until now, the materials used to
improve the mechanical properties of concrete have been fiber reinforced concrete (FRC) such as steel fiber and polypropylene fiber.
FRC has clearly verified its performance according to fiber incorporation [1-3]. However, in FRC, the fiber ball effect occurs during
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casting at the actual construction site, so the fiber reinforcement effect may not occur evenly over the entire section. In addition, there
are problems such as reduction of slump and deterioration of workability during pouring [4]. Recently, since the development and
mass production of nanomaterials are possible, research to fundamentally solve the aforementioned problems by applying them to
concrete is increasing. Nanomaterials have the effect of improving the mechanical properties of cement paste and mortar. In recent
studies, nanomaterials mainly used to improve the performance of cement composites are carbon nanotubes (CNTs), nano silica (NS)
and graphene oxide (GO).

CNTs have the advantage of improving the mechanical properties even when a small amount is added [5]. In previous studies
[6-9], it is reported that the compressive strength, tensile strength, and modulus of elasticity increase due to the bridge effect when
CNTs were incorporated. In addition, when the optimal amount of CNTs were incorporated, the mechanical properties of the cement
composite can be improved by improving the interfacial transition zone (ITZ) properties [10]. Aside from these, it has various effects
such as improvement of electrical conductivity and an electromagnetic wave shielding effect [11,12]. The studies on functionalized
CNTs with functional groups deposited on the surface to improve the dispersion of CNTs are being actively conducted. NS generates a
pozzolan reaction when mixed with cement, promotes hydration, and enhances compressive and tensile strength [13-15]. Turkme-
noglu et al. [16] evaluated the effect on elastic and inelastic behavior of high-strength concrete reinforced with NS and reported that
the critical stress of concrete and other mechanical properties were improved. GO is also effective in improving flexural and
compressive strength and durability [17,18], as well as affecting the dispersion of other nanomaterials [19-22]. In particular, GO may
play a role in promoting hydration due to the effect of nucleation sites.

As mentioned above, nanomaterials have various performance enhancing effects of cement composites, and if these nanomaterials
are used together, it is expected that concrete with all advantages will be developed, so research has been actively conducted recently.
Du et al. [19] confirmed that the compressive strength of cement paste rapidly increased when CNTs and GO were mixed together, and
an optimal ratio of GO and CNTs were derived that could create such a synergistic effect. Lu et al. [20] report that the dispersion of
nanomaterials increases when CNTs and GO are incorporated. Liu et al. [22] confirmed that the compressive and flexural strengths of
cement pastes were increased by mixing NS and GO together, and hybrid nanomaterials (NS, GO) increased the degree of hydration
and the pozzolanic reaction, and analyzed the cause.

However, there are limitations to using these nanomaterials together. Although the aforementioned three nanomaterials (CNTs,
NS, GO) improve the durability and mechanical properties of cement paste and mortar, their dispersion decreases due to agglomer-
ation [23], which does not fully demonstrate the advantages of nanomaterials. In particular, when two or more materials are mixed
together, the strength decreases rapidly when more than a certain ratio is mixed due to agglomeration [24]. To solve this problem
when applying various nanomaterials, a study on the method and effect of preparing a highly concentrated aqueous solution of
nanomaterials by separating the nanomaterials from the aqueous solution using a centrifuge after a pretreatment process such as high
temperature and high pressure [25] has been conducted. Nevertheless, since this method is a very complicated process to be applied to
concrete scale and actual structures, there is a limit to its application to construction sites. Therefore, there is a need for a method that
can secure dispersion while minimizing the pretreatment process.

Kim et al. [26] recently conducted a study to minimize the pretreatment process and improve durability and mechanical perfor-
mance by suggesting the optimal mixing ratio of CNTs, NS, and GO to solve this problem. They proposed the optimal mixing ratio of
nanomaterials based on chemical bonding according to the ratio of functional groups of nanomaterials to ensure optimal dispersion
without any pretreatment other than ultrasonic dispersion for multiple mixing of nanomaterials in cement paste. As a result, the
dispersion and mechanical properties were the highest at a certain level of GO (0.04 wt%). In this study, it was confirmed that the
performance of cement paste was improved by improving the dispersion with the optimal ratio of nanomaterials. However, in order to
apply this method to concrete scale, the sonication method for the entire volume of mixing water performed in this study has limi-
tations when mixing a large amount of concrete. In addition, since a small amount of aqueous solution has to be prepared when
sonicating for dispersion is performed, the specimen for material testing is produced in a very small size (5 x 5 x 10 mm?), so it is
difficult to use it in actual buildings. Because the mixing water used is also limited to deionized (DI) water, it is necessary to expand the
research scope for application to the concrete scale.

The purpose of this study is to extend the study at the cement paste level to mortar and concrete containing fine and coarse ag-
gregates by confirming the continuity of the effect of nanomaterials and the mechanical properties of nano concrete. For application to
real structures rather than laboratory-level specimens, a new concentrated nanomaterial aqueous solution manufacturing method was
developed by applying the nanomaterial dispersion manufacturing method based on the functional group ratio proposed in previous
studies [26].

2. Research significance

Although many studies have been conducted to improve the performance of cement composites by incorporating nanomaterials,
studies on the mechanical properties of concrete containing aggregates are lacking due to limitations such as dispersion of aqueous
solutions of nanomaterials, and it is difficult to use on the construction site. In this study, the scale is extended in the material per-
formance evaluation for cement composites, and the methodology for applying structural members and locally to structures is pre-
sented. The method presented in this study incorporates GO as a method to improve the dispersion for the application of various
nanomaterials (f-CNTs, NS) without going through a complicated pretreatment process, and uses a concentrated aqueous solution of
nanomaterials to expand the scope of nanomaterials application.
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3. Materials and test methods
3.1. Preparation of triple nanomaterial admixture

Three types of nanomaterials were used in this study: CNTs (f-CNTs), NS, and GO. The most important variable in the preparation of
the three nanomaterial dispersion solutions is the amount of GO. According to the results of previous studies [24,26], the change in the
amount of GO had an effect on the dispersibility of CNTs and NS, which was linked to the improvement of compressive and tensile
strength. Therefore, in this study, the amount of CNTs and NS was fixed and the amount of GO was increased in order to confirm the
change in strength according to the dispersion of nanomaterials in mortar and concrete.

Hamzaoui et al. [27] reported that the optimal amount of CNT was 0.01 wt% in the mortar, and in the study of Kim et al. [26], the
optimal amount of CNT was 0.01 wt% and the amount of NS was 1.0 wt% in the triple nanomaterial composite. In this case, the
dispersion was found to be the highest. Therefore, the amounts of CNTs and NS were planned to be 0.01 wt% and 1.0 wt%, respectively
[26,27]. The amounts of GO were changed to 0.02, 0.04, and 0.06 wt%, and this was compared with the Ordinary Portland Cement
(OPC) mixing without nanomaterials. The physical properties of the nanomaterials are shown in Tables 1-3, respectively.

The main purpose of this study is the effectiveness of the concentrate solution method for the large-capacity dispersion and
practical preparation method of the triple nanomaterial. Two methods of mixing nanomaterials were utilized (Fig. 1). The first method
involved preparation of an aqueous solution by mixing nanomaterials with the total mixing water mainly used in previous research.
This method requires sonication of the nanomaterial to the total aqueous solution to be blended. Since the equipment mainly used for
sonication has a limit in its capacity, not only the maximum mixing amount is limited, but also the time to prepare the aqueous
nanomaterial solution is lengthened.

The second method proposed in this study is to prepare a concentrated aqueous solution of nanomaterials by mixing nanomaterials
in 1/4 of the total mixing water, and to mix the concentrated aqueous solution of nanomaterials with the remaining mixing water. The
mixing water used for the preparation of the concentrate is DI water to minimize the reaction with nanomaterials. In this way, the
number of sonication cycles is reduced about 1/4 times compared to the first method. In addition, in this study, the efficiency of the
concentrated aqueous solution was maximized by increasing the amount of aqueous solution by about 9 times during a single soni-
cation, and it was attempted to compare the results with the material test results for the non-concentrated aqueous solution.

According to the results of previous studies [28,29], it was reported that if the sonication time is increased, the effect is not sig-
nificant after ultra-sonication for a certain period of time. Accordingly, in this study, in the first method, ultrasonic treatment was
performed for 15 min with reference to the time suggested in the previous study results; and in the second method, it was increased to
20 min. The mix proportion table for a single sonication for each aqueous solution preparation method was performed as shown in
Table 4. Each mix identification (ID) is the name of the GCS (GO, f-CNTs, NS) composite designated by the amount of GO incorporated.
The second section of the ID denotes that N is a non-concentrated aqueous solution, and C is a concentrated aqueous solution. For
example, a concentrate containing 0.02 wt% of GO becomes 0.02 GCS-C.

3.2. Mixing procedure

The mixing table according to the change of the mixing method is shown in Table 5 below. The first letter ‘M’ of Mix ID is mortar
and ‘C’ is concrete. In the case of concrete, the third term of the identification is omitted because the concentrate is used in all cases.
Mortar was mixed in accordance with KS ISO 679:2009 [30] and ASTM C348-21 [31], and the concrete was formulated according to
RILEM TC 150 ECM [32]. The materials used for the formulation were Portland cement, DI water, and standard sand. Concrete was
mixed using tap water, fine aggregate, and coarse aggregate. In this study, 25 mm maximum size coarse aggregates were utilized,
which is common in concrete mixes.

According to the scale change of the cement composite, different equipment was used for the mixer. The mortar mixer used a 40-L
capacity mortar mixer, and the concrete mixer used a twin-screw spiral mixer. The mixing procedure is shown in Fig. 2. The mortar was
prepared by first adding water into the mixer, then mixed with the entire amount of cement. After that, the entire amount of standard
sand is added. When mixing concrete, the aggregate and cement were dry-mixed first. After that, tap water and concentrated aqueous
solution of nanomaterials were dropped.

3.3. Test method

The dispersion of the triple nanomaterial was evaluated by UV-VIS (Thermo Scientific, Genesys 180, USA). The range of UV-VIS
absorption spectroscopy is 190-1000 nm. The compressive strength tests were performed with a 50 mm x 50 mm x 50 mm specimens
in accordance with ASTM C349-18 [33], and according to ASTM C348-21, 40 mm x 40 mm x 160 mm specimens were fabricated for
the flexural strength test, and a compressive strength tests were performed with two pieces after the flexural test. Six specimens were

Table 1
Physical properties of f-CNTs.

Diameter (nm) Length (um) Specific surface area (mz/g) Purity (wt%)

5-15 10-30 > 200 > 95
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Table 2

Physical properties of GO.
Thickness (nm) Layer diameter (um) Purity (%)
~1 0.2-10 > 98

Table 3

Physical properties of NS.
Average particle size (nm) Specific surface area (m?/g) Purity (%)
110 > 23 > 99

Ultra-sonicator

General method
(Non-concentrated

method)
(25% of total water + 25% of nano materials) X 4 times
Ultra-sonicator =,
Concentration Nanomaterial
method aqueous
solution
(25% of total water + 100% of nano materials) X 1 time
Fig. 1. Concept of nanomaterial aqueous solution manufacturing method.
Table 4
Single ultrasonic dispersion mixing ratio for each type of aqueous solution.
Type of aqueous solution Mix ID Water CNTs NS GO Ultra-sonication time
® ® ® ®
Non-concentrated 0.02GCS-N 30 0.01 (0.01)* 1.0 (1.0)* 0.02 (0.02)* 15 min
solution 0.04GCS-N 0.04 (0.04)*
0.06GCS-N 0.06 (0.06)*
Concentrated 0.02GCs-C 270 0.483 (0.01)* 48.3 (1.0)* 0.966 (0.02)* 20 min
solution 0.04GCs-C 1.932 (0.04)*
0.06GCS-C 2.898 (0.06)*

*weight percent of nanomaterials to cement (unit: wt%)

used in the compressive strength tests for each non-concentrated solution and 18 samples for the concentrated solution. When pre-
paring a mortar flexural tensile strength specimen, it is practically difficult to evaluate it with a sufficient number of specimens because
it requires a fairly large number of ultrasonic treatments when mixed with a non-concentrated solution. Therefore, in this study, the
flexural tensile strength was evaluated only when it was formulated as a concentrate.

For the concrete strength test, the compressive strength and splitting tensile strength tests were performed. The compressive
strength test was performed by manufacturing 100 mm x 200 mm specimens according to ASTM C39/39 M-21 [34] and KS D 2403
[35]. Splitting tensile strength test was also performed by manufacturing a ®100 mm x 200 mm specimen. The loading plate for
splitting tensile strength test was made equal to the length of the specimen so that the load was applied evenly over the entire length.
Concrete mixing was performed 5-6 times on various days depending on the mixing ratio.

Usually, a compressometer is used to check the stress-strain curve in concrete. However, since the concrete used in this study is
high-strength concrete, a compressometer cannot be used, so strain gauges are attached to the upper, middle, and lower positions to
confirm the concrete stress-strain relationship.

To check the horizontal strain and Poisson’s ratio, the horizontal strain was attached together. The material test photos for mortar
and concrete are shown in Fig. 3.
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Table 5
Mix proportion of cement mortar and concrete.
Mix ID Type of w/C W C S A CNT NS GO Remark
aqueous (kg/mS) (kg/m3) (kg/m3) (kg/m3) (wWt%) (Wt%) (Wt%)
solution
Mortar M-OPC - 0.3 251 836 1257 - - - - Water:
(0.54)* (1.8)* 2.7)* DI water
M-0.02GCS-N  NC 0.3 251 836 1257 0.01 0.1 0.02 Sand type:
(0.54)* (1.8)* .7)* (0.00018)*  (0.018)*  (0.00036)*  Standard sand
M-0.04GCS-N 0.04
(0.00072)*
M-0.06GCS-N 0.06
(0.00108)*
M-0.02GCS-C C 0.3 251 836 1257 0.01 0.1 0.02
(1.08)* (3.6)* 5.4~ (0.00036)*  (0.036) (0.00072)*
M-0.04GCS-C 0.04
(0.00144)*
M-0.06GCS-C 0.06
(0.00216)*
Concrete C-OPC - 0.22 159 335 930 895 - - - Water:
C-0GCS C (8.64)* (38.64)* (32.33)* (50.21) *  0.01 0.1 - tap water
(0.00386)*  (0.386)* Sand type:
C-0.04GCS 0.01 0.1 0.04 fine aggregate

(0.00386)* (0.386)* (15.456)*

W: water, C: cement, S: fine aggregate, A: coarse aggregate
*actual mixing amount (unit: kg)

Dispersed Standard " Water
Mortar [ CNT, NS, GOH [ solution ] ‘ [ Cement ] T‘ [ sand ] ? [ Molding ] ‘ [ curing ]

Ultra sonication mixing — mixing —

Concrete Half fine aggregate, Cement ) Tap Water, Half fine aggregate, Molding
Half coarse aggregate Dispersed solution Half coarse aggregate
A

mixing mixing T mixing — mixing -

[ oNT,Ns,GoL’ [ solution ] curing

Ultra sonication

Fig. 2. Mortar and concrete mixing procedure.
4. Results and discussion
4.1. Effect of dispersion method

The absorbance of the sonicated solution for the entire aqueous solution and the sonicated solution for the concentrated solution is
compared and shown in Fig. 4. Dispersion was compared in two aqueous solutions. One is mixed with DI water and the second is Ca
(OH), aqueous solution. In Ca(OH), aqueous solution, the reaction of the GCS composite can be simulated in high alkali state due to the
hydration reaction of cement [36].

As a result of dispersion evaluation, when diluted in DI water, 0.06GCS, containing the most GO, showed the greatest dispersion,
but when diluted in Ca(OH); aqueous solution, 0.04GCS was confirmed to be the largest. In the concentrated solution, it was also
confirmed that the largest dispersion was shown at 0.04GCS. In the case of comparing the concentrated solution and the general
sonicated solution, it was confirmed that the dispersion of the two solutions was similar, so the amount of the sonication of the aqueous
solution was increased and the time was shortened compared to the amount of the solution. It was confirmed that the difference was
not significant, and it was confirmed that the largest dispersion was observed in the amount of specific GO (0.04GCS), as in the
previous study [26].

4.2. Strength of cement mortar with triple hybrid nanomaterials

The results of the mortar strength test are shown in Table 6 and Fig. 5. As for the compressive strength of the specimen subjected to
sonication on the total mixing water without concentration, the highest compressive strength was shown at 0.04GCS, the same as the
dispersion evaluation. The compressive strength increase rate of 0.04GCS compared to OPC is about 11%. These results showed the
same pattern as those of the previous study [26], but the increase was not as large as that of the previous study. It was confirmed that
the same aspect appeared when compared with the result of mixing using the concentrated aqueous solution. Accordingly, it is
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(a) mortar ompression test
(cube)

T
o

(d) concrete cdfnﬁrssion test (cylinder) (e) splitting tensile test
Fig. 3. Mortar and concrete strength test.

expected that the increase in compressive strength by the mixing of the concentrated solution can express more than the same effect as
the case of sonicating the entire solution. The coefficient of variation of the data used to evaluate the concentrate is 1.47-3.55% based
on the compressive strength at 28 days. In the case of flexural strength, the increase in strength due to the incorporation of nano-
materials had no significant effect. The reason for the lack of significant difference in the increase in tensile strength compared to the
increase in compressive strength requires additional analysis.

4.3. Mechanical properties of concrete with triple hybrid nanomaterials

4.3.1. Compressive sand tensile strength

Concrete mixing was conducted with the amount of GO as a variable in order to evaluate the mechanical properties according to the
degree of dispersion and the compressive strength test. The number of compressive strength specimens for OPC, 0GCS, and 0.04GCS
were 46, 36, and 40, respectively, and the number of split tensile strength specimens was 34, 32, and 43, respectively. A summary of
the strength test results is shown in Table 7.

As aresult of the concrete strength test, it can be confirmed that the improvement in compressive strength is not significant. The NS
nanomaterial has the greatest effect on improving the compressive strength of concrete. In the previous study [37,38], the compressive
strength of high-strength concrete mixed with coarse aggregate did not significantly increase the compressive strength by about 3-8%
due to the influence of coarse aggregate, and this test showed the same results as the previous study. The modulus of elasticity of
concrete was calculated as the slope from 0.4f; to the origin [39]. The modulus of elasticity of the concrete increased by about 10% and
the splitting tensile strength increased by about 23%. Since the modulus of elasticity increases with the incorporation of nanomaterials,
the ¢y reaching the maximum compressive strength was small.

To evaluate the mixing control results for nanomaterials, Fig. 6 shows the frequency distribution and probability density function
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Fig. 4. UV-Vis results for the triple nanomaterials.
Table 6
Cement mortar strength test results.
Mix ID 3-Day 7-Day 28-Day 3-Day 7-Day 28-Day
Compressive strength Compressive strength Compressive strength Flexural strength Flexural strength Flexural strength
(MPa) (MPa) (MPa) (MPa) (MPa) (MPa)
M-OPC 57.28 64.68 70.28 9.79 11.80 12.23
(3.65)" (2.79)* (2.92)* (2.88)* (2.88)* (3.33)"
M-0.02 GCS-N 46.9 57.77 72.83 - - -
(2.73)* (1.63)" (2.96)"
M-0.04 GCS-N 51.63 65.52 78.01 - - -
(3.91)* (1.43)* (1.29)*
M-0.06 GCS-N 53.08 61.01 75.51 - - -
(3.82)* (3.00)" (1.81)*
M-0.02 GCS-C 56.37 65.66 74.03 10.78 11.52 12.79
1.11)* (1.09)* (1.47)* (1.70)* (2.07)* (0.88)*
M-0.04 GCS-C 59.32 66.97 78.10 11.09 11.68 11.48
(1.12)* (2.41)" (2.26)* (2.13)* (1.88)* (3.04)*
M-0.06 GCS-C 58.58 70.40 74.69 10.36 11.66 11.04
(1.21)* (1.57)* (3.55)* (8.54)" (4.67)* (3.27)*

" coefficient of variation (unit: %)

(PDF) for the test results. The ACI committee 214 [40] classifies the results of mixing control as the coefficient of variation for the
results of the concrete strength test. A coefficient of variation of 15 % is defined as the average control, less than 10% as excellent
control, and greater than 20 % as poor control. As a result of statistical analysis of the compressive strength data, it was confirmed that
all coefficients of variation for compressive strength were within 10 %. In the case of splitting tensile strength, unlike other formu-
lations, the 0GCS formulation had the largest coefficient of variation of 14.71 %. This can be judged that the nanomaterial mixing
control is not as good as compared to 0.04GCS due to agglomeration when it is mixed using a concentrated aqueous nanomaterial



D.-H. Son et al. Case Studies in Construction Materials 18 (2023) e01603

3 days 3 days 3 days
80 ) [ 7 days 80 ) [ 7 days 15 - [ 7 days
I 28 days I 25 days | I 23 days
g g 129
IR = Y = B e g
s | I E3 £ = I Bt &
2 2 z 9 I
g 3 5
@ 40 @ 40 S
o o =
% % » 6
g g 3
S S
g 20- E 2 e
o o 3
0 - — — 0 L | L} - L} 0 L L
OPC 0.02GCS 0.04GCS 0.06GCS OPC 0.02GCS 0.04GCS 0.06GCS OPC 0.02GCS 0.04GCS 0.06GCS
(a) compressive strength of non- (b) compressive strength of con- (c) tensile strength of concentrat-
concentrated solution centrated solution ed solution
Fig. 5. Strength of cement mortar.
Table 7
Concrete strength test results.
Mix ID fc (MPa) &0 E. (MPa) f» (MPa)
C-OPC 82.78 0.00268 32302 4.25
(6.20)* (7.93)* (9.86)* (10.84)*
C-0GCS 83.90 0.00254 33989 5.14
(6.65)* (13.14) * (12.87)* (14.71)*
C-0.04GCS 83.43 0.0026 34980 5.21
(6.10)* (11.53)* (11.36)* (9.10)*

f;: concrete compressive strength, eo: strain at peak stress, E.: modulus of elasticity, f;,: splitting tensile strength
*coefficient of variation (unit: %)

solution without GO in the actual formulation. This corresponds to the TEM results of the previous study [26] in which the NS was
more agglomerated in 0GCS. Such agglomeration is more pronounced in the concentrate, which can be interpreted as a high variation.

The splitting tensile strength according to the concrete compressive strength is shown in Fig. 7. The relationship between
compressive strength and splitting tensile strength was compared with the average of each batch of concrete mixed five times. ACI
363R-10 [39] and Hueste et al. [41] report that the splitting tensile strength is proportional to the square root of the compressive
strength. Mokhtarzadeh et al. [34] report that the index is proportional to the power function rather than 0.5, and in a recent study, an
index other than 0.5 fits the data better for high-strength concrete [39]. Dewar et al. [42] stated that the splitting tensile strength
compared to the compressive strength decreased as the high strength concrete. However, as the relationship between the splitting
tensile strength of high-strength concrete has not yet been defined, this study evaluated the relationship of the splitting tensile strength
to the square root of the compressive strength (f;, / V). The fo! V/f. of OPC was 0.485 on average. 0GCS and 0.04GCS had an average
of 0.55, which was about 14% larger. Although it was all smaller than the 0.56 coefficient suggested by ACI 318-19 [39], the tensile
strength of splitting increased according to the incorporation of nanomaterials, and it is expected that the GCS composite can improve
the tensile strength of OPC regardless of dispersion due to bridging effect of f-CNTs.

4.3.2. Modulus of elasticity

In Section 4.3.1 above, the modulus of elasticity according to the incorporation of nanomaterials was calculated. In order to analyze
this in detail, the distribution of modulus of elasticity according to the concrete compressive strength for each specimen was analyzed
(Fig. 8). As for the modulus of elasticity, the square root of ACI 318-19 [39] is proportional to the compressive strength, but Eurocode2
[43] is proportional to the 0.3 square of the compressive strength, and fib Model Code 2010 [44] and KDS 14 20 10 [45] are defined as
proportional to v/f." In this study, the coefficient was compared with respect to the cube root of the compressive strength (E./V/f.).

The E./{/f.’ of OPC is 7656, and 0GCS and 0.04GCS are 8204, and it can be confirmed that the coefficients increase by about 3%
and 7%, respectively. In all mix proportions, it was slightly smaller than the modulus of 8500 suggested by KDS 14 20 10 [45], but the
GCS composite can also improve the modulus of elasticity of OPC like the previous splitting tensile strength results.

4.3.3. Compressive stress-strain relationship
Shah et al. [46] report that the Poisson’s ratio of concrete and the time of increase of the volumetric strain of concrete change
according to the size of the aggregate and the condition of the interface treatment of the aggregate. This phenomenon is due to the
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heterogeneous characteristics of concrete containing both fine and coarse aggregates, unlike cement paste. When the cement paste is
compressed, there is no volume expansion, but in concrete, microcracks occur between the aggregate and the cement paste and the
volume expands. This volume expansion shows inelastic behavior under uniaxial compression.

In previous studies [10,47], it is reported that dispersion of nanomaterials improves the strength of ITZ and improves the interfacial
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properties between the aggregate and cement paste. However, since these results have a great influence on the mechanical properties
of concrete such as critical stress, Poisson’s ratio, and concrete yield point, the effect of mixing of nanomaterials should be analyzed.

To evaluate the critical stress and Poisson’s ratio according to the volumetric strain of concrete, gauges were attached as mentioned
in the previous experimental plan, and the coordinate system for the gauge attachment details and strain is shown in Fig. 9. In order to
measure the average strain of the specimen as it was not possible to use a compressometer in high-strength concrete, vertical gauges
(1) were attached to the top, middle, and bottom of the specimens. To measure the horizontal strain (e2,¢3), a gauge was attached to
the side of the specimen in the horizontal direction. Volumetric strain can be calculated as in Eq. (1). where &, is the hoop strain and is
the gauge value attached in the horizontal direction. The corresponding values are equal to ¢; and &3 (Eq.(2)). Axial strain was
measured as the average of three measurements as in Eq. (3).

& =& +e+e =6 +2¢ (€))
Ep =& = &3 (2)
€ _ Eu +8:];m+£ll 3)

Critical stress can be obtained from stress-strain curves for axial strain and volumetric strain. As shown in Fig. 10, the stress
corresponding to the maximum value of volumetric strain obtained through Eq.(1) is o, and the axial strain at this time is ¢, From this
point, the elastic section of concrete can be defined [48], and after that, it can be interpreted that concrete behaves inelastic in uniaxial
compression state.

The experimental results and stress-strain curves are shown in Table 8 and Fig. 11, and the stress-Poisson’s ratio curve is shown in
Fig. 12. Here, the stress-strain curve is shown based on representative experimental results to confirm the change of volumetric strain
according to the dispersion of nanomaterials at the same elastic modulus. And the compressive strength compared to the critical stress

(fer/. f;) was calculated and the elastic ranges were compared. The critical stress of OPC is about 73 % compared to the maximum
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Table 8
Critical stress and Poisson’s ratio of concrete.
Mix ID £ pay fer  (MPa) ferlf. or v
C-OPC 82.78 60.09 0.73 0.0019 0.24
(6.20)* (11.48)* (13.76)*
C-0GCS 83.90 64.41 0.77 0.00195 0.25
(6.65)* (16.45)* (22.87)*
C-0.04GCS 83.43 68.28 0.82 0.002 0.20
(6.10)* (9.81)* (23.57)*

f'C: concrete compressive strength, o: strain at peak stress, v: Poisson’s ratio, f,: critical stress, E.: modulus of elasticity, fy,: splitting tensile strength

*coefficient of variation (unit: %)

compressive stress, 0GCS is 77 %, and 0.04GCS is 83 %, which is about a 4 % and 10 % increase compared to OPC. In addition, it can be
seen that the strain at the critical stress point also increased by about 5 %. The Poisson’s ratio shown in Table 8 is the value obtained by

dividing the horizontal strain by the vertical strain at 0.4flc. It can be observed that the 0.04GCS formulation is about 20 % smaller than

the other mix proportions.

As a result of the analysis, the critical stress increased as the dispersion of nanomaterials improved, and the inelastic behavior of
concrete was reduced. This phenomenon, which appeared in the mixing using the same aggregate, is more dependent on the me-
chanical properties between the cement paste and the aggregate than on the effect of the cement paste itself. Accordingly, it is expected
that the dispersion of the nanomaterial will increase the bond strength at the interface between the aggregate and the cement paste,
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thereby improving the mechanical properties of concrete. In a future study, the analysis of ITZ between concrete and the interface
according to the dispersion of nanomaterials should be examined in detail.

5. Conclusions

In this study, the mechanical properties of concrete were evaluated using a concentrated aqueous solution of nanomaterials for
practical application of nanomaterials. Triple nanomaterials (f-CNTs, NS, GO) were used to improve the mechanical properties of
concrete by increasing the dispersion of the concentrated aqueous nanomaterial solution without a special pretreatment process. The
strength according to the dispersion of the triple nanomaterial was evaluated in the mortar, and material tests were performed on
concrete based on the result. The results are as follows:

(1) Asaresult of confirming the dispersion by the triple nanomaterial, 0.04GCS showed the greatest dispersion in Ca(OH)3 in a high
alkali state. In the mortar strength test, 0.04GCS showed the greatest compressive strength as in the dispersion evaluation. These
results were the same for the non-concentrated solution and the concentrated solution. Accordingly, it is determined that the
concentrated solution exhibits the same effect as the sonication method used in previous methods.

(2) As a result of statistically comparing the compressive strength and tensile strength data of a number of concrete cylinders
incorporating nanomaterials, the average and coefficient of variation of the compressive strength did not differ significantly.
The splitting tensile strength was similar to that of 0GCS and 0.04GCS containing GO, which is about 1.23 times that of OPC. The
0GCS data showed a relatively large variation, and it is judged that the data is not evenly distributed due to the aggregation of
nanomaterials. It was confirmed that the modulus of elasticity of the concrete increased with the mixing of nanomaterials, and
0GCS and 0.04GCS were improved by 3% and 7% compared to OPC, respectively. Therefore, it is shown that the mechanical
properties of concrete increase according to the mixing and dispersion of nanomaterials.
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(3) A strain gauge was attached to the specimen to evaluate the uniaxial compression behavior of concrete mixed with nano-

4

materials. It can be seen that the critical stress increased according to the GO incorporation, and it was found to increase by
about 10% according to the GO incorporation compared to the maximum stress. In addition, it was confirmed that the Poisson’s
ratio also decreased by about 20% as the dispersion increased. Due to the effect of nanomaterials, the volume expansion of
concrete was reduced, and in particular, the better the dispersion, the greater the range of elastic behavior of concrete.
Accordingly, it is judged that the improvement of dispersion according to the mixing of triple nanomaterials enhances the bond
strength of the interface between aggregate and cement paste.

In this study, the enhancement of concrete mechanical properties was mainly evaluated, and the cause of this was described
assuming the improvement of dispersion. In a future study, it is necessary to quantitatively evaluate the cause of the increase in
concrete mechanical properties by analyzing it in detail for ITZ. In addition, the concrete used in this study is a study conducted
only for high-strength concrete. Therefore, considering the effect of nanomaterials at various water-cement ratios, it is judged
that nanomaterials can be applied more widely to concrete.

—

Declaration of Competing Interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Data Availability

The data that has been used is confidential.

Acknowledgements

This research was supported by the Basic Science Research Program through the National Research Foundation of Korea (NRF)

funded by the Ministry of Education (NRF-2020R1A4A1019074).

References

[1]

[2]
[3]

[4]
[5]

[6]

[71
[81

[91
[10]

[11]

[12]
[13]

[14]
[15]

[16]
[17]

[18]
[19]

[20]
[21]
[22]
[23]

[24]
[25]

D.-H. Son, B.-I. Bae, M.-S. Lee, M.-S. Lee, C.-S. Choi, Flexural strength of composite deck slab with macro synthetic fiber reinforced concrete, Appl. Sci. 11 (4)
(2021).

D.-H. Son, B.-I. Bae, C.-S. Choi, Shear strength evaluation of diagonally reinforced concrete coupling beams with steel fibers, Acids Struct. J. 119 (4) (2022).
L. Xu, B. Li, X. Ding, Y. Chi, C. Li, B. Huang, Y. Shi, Experimental investigation on damage behavior of polypropylene fiber reinforced concrete under
compression, Int. J. Concr. Struct. Mater. 12 (1) (2018).

M. Pajak, T. Ponikiewski, Flexural behavior of self-compacting concrete reinforced with different types of steel fibers, Constr. Build. Mater. 47 (2013) 397-408.
M.S. Konsta-Gdoutos, Z.S. Metaxa, S.P. Shah, Multi-scale mechanical and fracture characteristics and early-age strain capacity of high performance carbon
nanotube/cement nanocomposites, Cem. Concr. Compos. 32 (2) (2010) 110-115.

A. Hawreen, J.A. Bogas, R. Kurda, Mechanical characterization of concrete reinforced with different types of carbon nanotubes, Arab. J. Sci. Eng. 44 (10) (2019)
8361-8376.

Y. Ruan, B. Han, X. Yu, W. Zhang, D. Wang, Carbon nanotubes reinforced reactive powder concrete, Compos. Pt A-Appl. Sci. Manuf. 112 (2018) 371-382.
M.S. Konsta-Gdoutos, P.A. Danoglidis, S.P. Shah, High modulus concrete: Effects of low carbon nanotube and nanofiber additions, Theor. Appl. Fract. Mech. 103
(2019).

M.S. Konsta-Gdoutos, Z.S. Metaxa, S.P. Shah, Highly dispersed carbon nanotube reinforced cement based materials, Cem. Concr. Res. 40 (7) (2010) 1052-1059.
Y. Gao, H. Jing, Z. Yu, L. Li, J. Wu, W. Chen, Particle size distribution of aggregate effects on the reinforcing roles of carbon nanotubes in enhancing concrete
ITZ, Constr. Build. Mater. 327 (2022).

M. Jung, Y.-s Lee, S.-G. Hong, J. Moon, Carbon nanotubes (CNTs) in ultra-high performance concrete (UHPC): dispersion, mechanical properties, and
electromagnetic interference (EMI) shielding effectiveness (SE), Cem. Concr. Res. 131 (2020).

D. Chung, Electromagnetic interference shielding effectiveness of carbon materials, Carbon 39 (2) (2001) 279-285.

M. Nili, A. Ehsani, Investigating the effect of the cement paste and transition zone on strength development of concrete containing nanosilica and silica fume,
Mater. Des. 75 (2015) 174-183.

A.M. Said, M.S. Zeidan, M.T. Bassuoni, Y. Tian, Properties of concrete incorporating nano-silica, Constr. Build. Mater. 36 (2012) 838-844.

F.U.A. Shaikh, S.W.M. Supit, P.K. Sarker, A study on the effect of nano silica on compressive strength of high volume fly ash mortars and concretes, Mater. Des.
60 (2014) 433-442.

H. Nuri Turkmenoglu, B. Boyaci, S. Baran, S. Nihat Bicakci, H. Nuri Atahan, Micro and/or Nano-Silica modified moderate and high strength concrete: Rheology
and synergistic effects on strength, elastic & inelastic behavior and microstructure, Constr. Build. Mater. 333 (2022).

C. Liu, X. Huang, Y.-Y. Wu, X. Deng, Z. Zheng, The effect of graphene oxide on the mechanical properties, impermeability and corrosion resistance of cement
mortar containing mineral admixtures, Constr. Build. Mater. 288 (2021).

S.C. Devi, R.A. Khan, Effect of graphene oxide on mechanical and durability performance of concrete, J. Build. Eng. 27 (2020).

Y. Du, J. Yang, B. Skariah Thomas, L. Li, H. Li, S. Nazar, Hybrid graphene oxide/carbon nanotubes reinforced cement paste: An investigation on hybrid ratio,
Constr. Build. Mater. 261 (2020).

Z. Lu, D. Hou, L. Meng, G. Sun, C. Lu, Z. Li, Mechanism of cement paste reinforced by graphene oxide/carbon nanotubes composites with enhanced mechanical
properties, RSC Adv. 5 (122) (2015) 100598-100605.

R. Kaur, N.C. Kothiyal, J. Singh, Ultrasonic and superplasticizer assisted dispersion of hybrid carbon nanomaterials (FCNT and GO): its effect on early stage
hydration and physico-mechanical strength of cement mortar, J. Adhes. Sci. Technol. 34 (2) (2019) 192-218.

H. Liu, Y. Yu, H. Liu, J. Jin, S. Liu, Hybrid effects of nano-silica and graphene oxide on mechanical properties and hydration products of oil well cement, Constr.
Build. Mater. 191 (2018) 311-319.

M.A. Kotop, M.S. El-Feky, Y.R. Alharbi, A.A. Abadel, A.S. Binyahya, Engineering properties of geopolymer concrete incorporating hybrid nano-materials, Ain
Shams Eng. J. 12 (4) (2021) 3641-3647.

J. Gong, L. Lin, S. Fan, Modification of cementitious composites with graphene oxide and carbon nanotubes, SN Appl. Sci. 2 (9) (2020).

Z.S. Metaxa, J.-W.T. Seo, M.S. Konsta-Gdoutos, M.C. Hersam, S.P. Shah, Highly concentrated carbon nanotube admixture for nano-fiber reinforced cementitious
materials, Cem. Concr. Compos. 34 (5) (2012) 612-617.

13


http://refhub.elsevier.com/S2214-5095(22)00735-5/sbref1
http://refhub.elsevier.com/S2214-5095(22)00735-5/sbref1
http://refhub.elsevier.com/S2214-5095(22)00735-5/sbref2
http://refhub.elsevier.com/S2214-5095(22)00735-5/sbref3
http://refhub.elsevier.com/S2214-5095(22)00735-5/sbref3
http://refhub.elsevier.com/S2214-5095(22)00735-5/sbref4
http://refhub.elsevier.com/S2214-5095(22)00735-5/sbref5
http://refhub.elsevier.com/S2214-5095(22)00735-5/sbref5
http://refhub.elsevier.com/S2214-5095(22)00735-5/sbref6
http://refhub.elsevier.com/S2214-5095(22)00735-5/sbref6
http://refhub.elsevier.com/S2214-5095(22)00735-5/sbref7
http://refhub.elsevier.com/S2214-5095(22)00735-5/sbref8
http://refhub.elsevier.com/S2214-5095(22)00735-5/sbref8
http://refhub.elsevier.com/S2214-5095(22)00735-5/sbref9
http://refhub.elsevier.com/S2214-5095(22)00735-5/sbref10
http://refhub.elsevier.com/S2214-5095(22)00735-5/sbref10
http://refhub.elsevier.com/S2214-5095(22)00735-5/sbref11
http://refhub.elsevier.com/S2214-5095(22)00735-5/sbref11
http://refhub.elsevier.com/S2214-5095(22)00735-5/sbref12
http://refhub.elsevier.com/S2214-5095(22)00735-5/sbref13
http://refhub.elsevier.com/S2214-5095(22)00735-5/sbref13
http://refhub.elsevier.com/S2214-5095(22)00735-5/sbref14
http://refhub.elsevier.com/S2214-5095(22)00735-5/sbref15
http://refhub.elsevier.com/S2214-5095(22)00735-5/sbref15
http://refhub.elsevier.com/S2214-5095(22)00735-5/sbref16
http://refhub.elsevier.com/S2214-5095(22)00735-5/sbref16
http://refhub.elsevier.com/S2214-5095(22)00735-5/sbref17
http://refhub.elsevier.com/S2214-5095(22)00735-5/sbref17
http://refhub.elsevier.com/S2214-5095(22)00735-5/sbref18
http://refhub.elsevier.com/S2214-5095(22)00735-5/sbref19
http://refhub.elsevier.com/S2214-5095(22)00735-5/sbref19
http://refhub.elsevier.com/S2214-5095(22)00735-5/sbref20
http://refhub.elsevier.com/S2214-5095(22)00735-5/sbref20
http://refhub.elsevier.com/S2214-5095(22)00735-5/sbref21
http://refhub.elsevier.com/S2214-5095(22)00735-5/sbref21
http://refhub.elsevier.com/S2214-5095(22)00735-5/sbref22
http://refhub.elsevier.com/S2214-5095(22)00735-5/sbref22
http://refhub.elsevier.com/S2214-5095(22)00735-5/sbref23
http://refhub.elsevier.com/S2214-5095(22)00735-5/sbref23
http://refhub.elsevier.com/S2214-5095(22)00735-5/sbref24
http://refhub.elsevier.com/S2214-5095(22)00735-5/sbref25
http://refhub.elsevier.com/S2214-5095(22)00735-5/sbref25

D.-H.

[26]

[27]

[28]
[29]

[30]
[31]

[32]
[33]

[34]

[35]
[36]

[371

[38]
[39]

[40]
[41]

[42]

[43]
[44]
[45]
[46]
[47]

[48]

Son et al. Case Studies in Construction Materials 18 (2023) e01603

G. Kim, H. Suh, S. Cho, S. Im, E.Z. Nezhad, S. Seok, C. Choi, S. Bae, Synergistic strengthening mechanism of Portland cement composites reinforced by a triple
hybrid of graphene oxide, functionalized carbon nanotube, and nano-silica: Correlation between the dispersion properties and mechanical performance, Constr.
Build. Mater.

R. Hamzaoui, A. Bennabi, S. Guessasma, R. Khelifa, N. Leklou, Optimal carbon nanotubes concentration incorporated in mortar and concrete, Adv. Mater. Res.
587 (2012) 107-110.

S. Kumar, P. Kolay, S. Malla, S. Mishra, Effect of multiwalled carbon nanotubes on mechanical strength of cement paste, J. Mater. Civ. Eng. 24 (1) (2012) 84-91.
B. Zou, S.J. Chen, A.H. Korayem, F. Collins, C.M. Wang, W.H. Duan, Effect of ultrasonication energy on engineering properties of carbon nanotube reinforced
cement pastes, Carbon 85 (2015) 212-220.

KS L ISO 679, Methods of testing cement-Determination of strength, Korea Standards Association, Korea (2021).

ASTM International, Standard Test Method for Flexural Strength of Hydraulic-Cement Mortars (ASTM C348-21), ASTM International, West Conshohocken, PA,
2021.

Y. Charonnat, H. Beitzel, Report: efficiency of concrete mixers towards qualification of mixers, Mater. Struct. 30 (1) (1997) 28-32.

ASTM International, Standard Test Method for Compressive Strength of Hydraulic-Cement Mortars (Using Portions of Prisms Broken in Flexure) (ASTM C349-
18), ASTM International, West Conshohocken, PA, 2018.

ASTM International, Standard Test Method for Compressive Strength of Cylindrical Concrete Specimens (ASTM C39/39M-21), ASTM International, West
Conshohocken, PA, 2020.

KS F 2403, Standard Test Method for Making Concrete Specimens, Korean Standard Information Center, 2019.

0. Mendoza, G. Sierra, J.I. Tobdn, Influence of super plasticizer and Ca(OH)2 on the stability of functionalized multi-walled carbon nanotubes dispersions for
cement composites applications, Constr. Build. Mater. 47 (2013) 771-778.

D. Vivek, K.S. Elango, R. Saravanakumar, B. Mohamed Rafek, P. Ragavendra, S. Kaviarasan, E. Raguram, Effect of Nano-Silica in high performance concrete,
Mater. Today.: Proc. 37 (2021) 1226-1229.

S.T. Hussain, K. Sastry, Study of strength properties of concrete by using micro silica and nano silica, Int. J. Res. Eng. Technol. 3 (10) (2014) 103-108.

ACI Committee 318, Building Code Requirements for Structural Concrete (ACI 318-19) and Commentary, American Concrete Institute, Farmington Hills, MI,
2019.

ACI Committee 214, Guide to Evaluation of Strength Test Results of Concrete, American Concrete Institute, Farmington Hills, MI, 2011.

M.B.D. Hueste, P. Chompreda, D. Trejo, D.B. Cline, P.B. Keating, Mechanical properties of high-strength concrete for prestressed members, Struct. J. 101 (4)
(2004) 457-465.

J.D. Dewar, The indirect tensile strength of concretes of high compressive strength. Technical Report No. 42.377, Cement and Concrete Association, Wexham
Springs, 1964.

CEN, EN 1992-1-1, Eurocode 2: Design of Concrete Structures — Part 1-1: General Rules and Rules for Buildings Brussels, (2004).

LF.£S.C. (fib), fib Model Code for concrete structures. Structural Concrete, 2010.

KDS 14 20 00: 2021, Korea Ministry of Land, Infrastructure and Transport (2021).

S.P. Shah, S. Chandra, Critical stress, volume change and microcracking of concrete, Acids Mater. J. 65 (9) (1968) 770-781.

Y.Y. Wang, D.H. Zeng, T. Ueda, Y.F. Fan, C. Li, J.Y. Li, Beneficial effect of nanomaterials on the interfacial transition zone (ITZ) of non-dispersible underwater
concrete, Constr. Build. Mater. 293 (2021).

I. Imran, S.J. Pantazopoulou, Experimental study of plain concrete under triaxial stress, Acids Mater. J. 93 (6) (1996) 589-601.

14


http://refhub.elsevier.com/S2214-5095(22)00735-5/sbref26
http://refhub.elsevier.com/S2214-5095(22)00735-5/sbref26
http://refhub.elsevier.com/S2214-5095(22)00735-5/sbref27
http://refhub.elsevier.com/S2214-5095(22)00735-5/sbref28
http://refhub.elsevier.com/S2214-5095(22)00735-5/sbref28
http://refhub.elsevier.com/S2214-5095(22)00735-5/sbref29
http://refhub.elsevier.com/S2214-5095(22)00735-5/sbref29
http://refhub.elsevier.com/S2214-5095(22)00735-5/sbref30
http://refhub.elsevier.com/S2214-5095(22)00735-5/sbref31
http://refhub.elsevier.com/S2214-5095(22)00735-5/sbref31
http://refhub.elsevier.com/S2214-5095(22)00735-5/sbref32
http://refhub.elsevier.com/S2214-5095(22)00735-5/sbref32
http://refhub.elsevier.com/S2214-5095(22)00735-5/sbref33
http://refhub.elsevier.com/S2214-5095(22)00735-5/sbref33
http://refhub.elsevier.com/S2214-5095(22)00735-5/sbref34
http://refhub.elsevier.com/S2214-5095(22)00735-5/sbref34
http://refhub.elsevier.com/S2214-5095(22)00735-5/sbref35
http://refhub.elsevier.com/S2214-5095(22)00735-5/sbref36
http://refhub.elsevier.com/S2214-5095(22)00735-5/sbref36
http://refhub.elsevier.com/S2214-5095(22)00735-5/sbref37
http://refhub.elsevier.com/S2214-5095(22)00735-5/sbref38
http://refhub.elsevier.com/S2214-5095(22)00735-5/sbref38
http://refhub.elsevier.com/S2214-5095(22)00735-5/sbref39
http://refhub.elsevier.com/S2214-5095(22)00735-5/sbref39
http://refhub.elsevier.com/S2214-5095(22)00735-5/sbref40
http://refhub.elsevier.com/S2214-5095(22)00735-5/sbref41
http://refhub.elsevier.com/S2214-5095(22)00735-5/sbref41
http://refhub.elsevier.com/S2214-5095(22)00735-5/sbref42

	Mechanical properties of mortar and concrete incorporated with concentrated graphene oxide, functionalized carbon nanotube, ...
	1 Introduction
	2 Research significance
	3 Materials and test methods
	3.1 Preparation of triple nanomaterial admixture
	3.2 Mixing procedure
	3.3 Test method

	4 Results and discussion
	4.1 Effect of dispersion method
	4.2 Strength of cement mortar with triple hybrid nanomaterials
	4.3 Mechanical properties of concrete with triple hybrid nanomaterials
	4.3.1 Compressive sand tensile strength
	4.3.2 Modulus of elasticity
	4.3.3 Compressive stress-strain relationship


	5 Conclusions
	Declaration of Competing Interest
	Data Availability
	Acknowledgements
	References


