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ARTICLE INFO ABSTRACT

Keywords: The purposes of this study are (i) to evaluate the mechanical properties of triple hybrid-reinforced
Nanomaterials concrete mixed with carbon nanotubes, nano-silica, and graphene oxide and (ii) to determine the
Dispersion

effect of these properties on the bond strength. First of all, compressive strength and splitting
tensile strength tests were performed to evaluate the mechanical properties of triple hybrid-
reinforced concrete. It has been observed that the flexural strength of concrete increases and
the Poisson’s ratio and volumetric strain decrease with the incorporation of nano-materials, and
the effect is most pronounced when graphene oxide is added. Next, pull-out tests were conducted
using a total of 21 specimens of triple hybrid-reinforced concrete. Similarly to the material test
results, the bond performance of triple hybrid-reinforced concrete was found to be the highest,
which can be attributed to the minimal volumetric deformation of the concrete. By this, the bond
strength of Triple hybrid-reinforced concrete was evaluated, taking into account the mechanical
properties. When considering Poisson’s ratio and flexural strength, it was possible to predict them
relatively accurately. In future research, it will be necessary to analyze additional mechanical
properties such as friction coefficient and shrinkage strain of nano concrete to incorporate them
into the bond strength model.

Reinforced concrete

Bond strength

Bond stress-slip relationship
Volumetric strain

1. Introduction

Concrete is the most widely used construction material, and research has been conducted to improve the mechanical properties of
concrete. Reinforcing concrete with steel fibers is the most commonly used method to improve the mechanical properties of concrete.
However, steel fiber reinforced concrete can cause problems such as poor workability and non-uniform fiber dispersion [1-3].
Research on the incorporation of nanomaterials into concrete has recently been conducted to overcome the limitations of steel fiber
reinforced concrete [4-8]. The use of nanomaterials as concrete reinforcing materials both improves mechanical properties and
maintains workability. Furthermore, the use of nanomaterials as concrete reinforcing materials is increasing due to the recent per-
formance improvement and mass production of nanomaterials [9].

The most widely used nanomaterials are concrete are carbon nanotubes (CNTs), nano-silica (NS), and graphene oxide (GO) [10,11].
CNTs have the advantage of increasing mechanical properties such as the modulus of elasticity of cement composites. In addition, there
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are research results that increase the compressive strength, tensile strength, and bending strength of cement composites [12,13].
Additionally, Xu et al. [14] confirmed that crack growth and propagation was prevented due to the bridging effect of CNTs. Second, a
pozzolanic reaction occurs and hydration is promoted when NS is mixed with cement [15,16]. As a result, the cement composite
becomes denser, and the mechanical properties improved. Finally, GO is a hydrophilic material that has excellent dispersibility when
added to an aqueous solution, and its dispersion improves when incorporated with other nanomaterials such as CNTs and NS [17]. This
characteristic of GO reduces agglomeration that occurs when nanomaterials are incorporated into an aqueous solution. Therefore, if
GO is added when using CNTs and NS, agglomeration should be reduced, and the advantages of CNTs and NS should increase.

Kim et al. [18] investigated the dispersion properties of a triple hybrid solution incorporating CNTs, NS, and GO. Additionally, the
mechanical properties of triple hybrid-reinforced cement composite were evaluated. The dispersion of the triple hybrid solution was
the highest when GO was incorporated at 0.04 wt % and decreased when GO was incorporated at concentrations higher than 0.04 wt
%. In addition, the compressive strength and splitting tensile strength of triple hybrid-reinforced cement composites were the highest
when GO was incorporated at 0.04 wt %. On the other hand, the compressive strength and splitting tensile strength decreased when GO
was incorporated more than 0.04 wt %. This study confirmed the enhancement of the mechanical properties of the triple
hybrid-reinforced cement composite due to the increase in dispersion based on the optimal GO incorporation.

Son et al. [19] conducted research on triple hybrid-reinforced mortar and triple hybrid-reinforced concrete based on Kim et al.
[18]. Son et al. [19] proposed a manufacturing and mixing method for concentrated triple hybrid solution, which allows for the
batching of a large quantity of nano material solution at once. As shown in Fig. 1, the concentrated triple hybrid solution both
increased the amount of deionized water by 9 times, and increased the amount of solutes (nanomaterials) by 4 times during a single
ultrasonic dispersion compared to the previous study [18]. Son et al. [19] evaluated the strength of triple hybrid-reinforced mortar and
triple hybrid-reinforced concrete using a concentrated triple hybrid solution and triple hybrid solution. As a result, they confirmed that
similar strengths were expressed when the concentrated triple hybrid solution and the triple hybrid solution were used. Therefore, this
result proved the effectiveness of the concentrated triple hybrid solution.

The reinforcing bar and concrete should act together when designing reinforced concrete members. The bond strength between
reinforcing bars and concrete is affected by the mechanical properties of concrete, the concrete cover, and the diameter of the rein-
forcing bars. Lutz and Gergely [20] defined the three components that constitute the bond and explained the mechanism when
reinforcing bar slip occurs. Tepfers [21] calculated the radial force generated by the rib of the reinforcing bar, and a concrete ring
model was used. The stresses were calculated in three stages: an elastic stage, a plastic stage, and an elastic stage with internal ring
cracks. Esfahani and Rangan [22] proposed a bond strength formula using the tensile strength of high-strength concrete and concrete
cover based on the research results of Tepfers [23] and Tilantera and Richard [24]. According to the previous study [25,26], it has been
observed that incorporating fibers into concrete to enhance its mechanical properties increases the tensile strength of concrete,
consequently leading to an increase in the bond strength between reinforcement and concrete. Therefore, the bond performance is
expected to be improved when the mechanical properties are improved by incorporating nanomaterials into concrete and studies on
the bond mechanism of nano-reinforced concrete for applying nano-reinforced concrete to structures are increasing.

Wang et al. [27] studied the bond characteristics between plain bar and eight types of nanomaterials and proposed a bond
stress-slip relationship model for each nanomaterial. Hassan et al. [28] evaluated the mechanical properties of concrete according to
the incorporation of CNTs. Additionally, the effect of CNTs on bond strength was studied through a pull-out test. Hawreen and Bogas
[29] conducted a pull-out test to evaluate the bond characteristics between concrete incorporating CNTs and reinforcing bars. Based on
the experimental results, scanning electron microscopy confirmed that CNTs delayed the increase in microcrack width. In addition, it
was observed that the bonding behavior of steel fibers differs from that of CNTs. Despite controlling only very small microcracks
(1 pm), CNTs showed a comparable increase in bond strength to that of steel fibers. In addition, research is being actively conducted to
enhance the bond performance between concrete and reinforcing bar using various other nano-materials [30-32].

The bond performance between triple hybrid-reinforced concrete and reinforcing bar should be compared with the bond perfor-
mance between normal concrete and reinforcing bar. However, there are very few studies on the bond characteristics of triple hybrid-
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Fig. 1. Concept of nanomaterial aqueous solution manufacturing method [19].
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reinforced concrete. Furthermore, until now, the investigation of bond performance in concrete incorporating nanomaterials has
predominantly relied on experimental studies, while research on evaluating bond strength using the mechanical properties of novel
concrete has been lacking. Therefore, the main purpose of this study is to determine the effect of the mechanical properties of triple
hybrid-reinforced concrete on the bond characteristics. In this study, the mechanical properties of triple nano-reinforced concrete with
GO incorporation were investigated. Then, the bond characteristics of the triple hybrid-reinforced concrete were evaluated based on
the mechanical properties and variables such as GO incorporation, concrete cover thickness, and diameter of reinforcing bars through a
pull-out test.

2. Mechanical properties of triple nano-reinforced concrete
2.1. Materials

The mechanical properties of concrete were evaluated based on research conducted by Kim et al. [18]. The dispersion of the triple
hybrid solution due to GO incorporation is an important factor in improving the mechanical properties of concrete. Therefore,
nanomaterials were incorporated based on the optimal mixing ratio of CNTs, NS, and GO proposed by Kim et al. [18] to confirm the
effect of the dispersion of the triple hybrid solution. Therefore, CNTs, NS, and GO were planned to be incorporated at 0.01 wt %, 1 wt
%, and 0.04 wt % cement. In addition, concrete mixed with only CNTs and NS were mixed to determine the effect of GO incorporation.
The mix proportion of concrete is shown in Table 1 and TEM image of nanomaterials is illustrated in Fig. 2.

The concrete mixing was based on RILEM TC 150-ECM [33]. The concrete mixture starts by adding half of the coarse aggregate and
all of the fine aggregate, and then dry mixing for 5 min. Cement is then added, followed by another 30 s of dry mixing, and then the
mixing water is introduced. The mixing water consists of tap water and a concentrated solution of nano materials. Afterward, another
30 s of mixing is performed, and the remaining fine and coarse aggregates are added, followed by approximately 5 min of mixing. The
concrete was made using type 1 normal Portland cement, coarse aggregate with a size of 25 mm and fine aggregate with a density of
2.6 g/cm®. A superplasticizer was used to improve the workability of concrete due to the low water-cement ratio. The concrete was
mixed using a twin shaft mixer, and the characteristics of the nanomaterials used in mixing are shown in Table 2. The concentrated
triple hybrid solution proposed by Son et al. [19] was used because a large amount of the triple hybrid solution is required for triple
nano-reinforced concrete mixing.

2.2. Test method

Concrete material testing was conducted for compressive strength and splitting tensile strength. Compressive strength and splitting
tensile strength were performed using specimens with a size of ®100 x 200 mm. The machine used for the strength test is a universal
testing machine with a capacity of 1000 kN. Additionally, all strength tests were performed according to KS F 2405 [34] and KS F 2423
[35]. The material test setup is depicted in Fig. 3.

All specimens were tested after a curing period of at least 28 days. To enhance the reliability of the material test results,
compressive and splitting tensile strengths were tested using about 5-6 separate batches on different dates. The total number of
specimens tested for each mix proportion was more than 30. To measure the strain of the specimens during the test, strain gauges were
attached in the vertical direction to the top, middle, and bottom three positions, and strain gauges were also attached in the horizontal
direction to the center of the specimen during the compressive strength test.

2.3. Test results

Table 3 is showing the concrete strength test results. First, the compressive strength (f.") of 0GCS was 84.10 MPa, an increase of
about 2.5 % compared to OPC. In addition, f." of 0.04GS was 84.18 MPa, an increase of about 2.6 % compared to OPC. Second, splitting
tensile strength (f;,) of 0GCS was 5.17 MPa, an increase of about 23.1 % compared to OPC. On the other hand, the f;, of 0.04 GCS was
5.5 MPa. This result is an increase of about 31.0 % compared to OPC and a 6.4 % increase compared to 0GCS. Therefore, strength tests
were used to confirm that the increase in f;" when incorporating nanomaterials was insignificant, but the increase in f;, was significant.

Since Poisson’s ratio (v.) and volumetric strain of concrete (¢,,) are important factors in evaluating the nonlinear behavior of
concrete, the horizontal strains of concrete (¢;,) were evaluated. The evaluation of the Poisson’s ratio was conducted with reference to
KS F 2438 [36]. Values of v, by concrete types OPC, 0GCS, and 0.04GCS were 0.23, 0.24, and 0.21, respectively. Comparing the results,

Table 1
Mix proportions of concrete.
Type w/C w C CA FA SP CNTs NS GO
(kg/m>) (kg/m®) (kg/m®) (kg/m®) (Wt %) (wt %) (wt %) (wt %)
OPC 0.22 165 739 960 618 0.7 — - -
0GCS 0.01 1 -
0.04GCS 0.01 1 0.04

W: water, C: cement, CA: coarse aggregate, FA: fine aggregate, SP: superplasticizer.
The unit wt % is with respect to the weight of cement.
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Fig. 2. TEM image of nanomaterials.

Table 2
Physical properties of nanomaterials.
Nanomaterials ~ Purity (wt Specific surface area Diameter Length Average particle size Thickness Layer diameter
%) (m%/g) (mm) (pm) (nm) (nm) (pm)
CNTs 95 > 200 5-15 10-30 - - -
NS 99.9 >23 - - 110 - -
GO > 98 - - - ~1 0.2-10

;

ta) CompreSsi\}e strength test | (b) Splitting tensile strength test

Fig. 3. Concrete strength tests.

Table 3

Mechanical properties of concrete with nanomaterials.
Type f  (MPa) g (mm/mm) E. (MPa) Ve fy» (MPa)
OPC 82.04 0.00270 32,845 0.23 4.20
0GCS 84.10 0.00262 34,905 0.24 5.17
0.04GCS 84.18 0.00267 35,272 0.21 5.50

f.': compressive strength of concrete, &o: strain at peak stress of concrete, E,: elastic modulus of concrete, v.: Poisson’s ratio of concrete, fg,: splitting
tensile strength of concrete.
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0.04GCS is about 12.5 % smaller than 0GCS. This means that ¢, of 0.04GCS occurs less than ¢, of 0GCS under the same axial load. The
second is a comparison of ¢,y by concrete type. The stress-strain curve and ¢,, for each concrete type are shown in Fig. 4. &), was
obtained as the sum of twice ¢, and the vertical strain (¢,) as shown in Eq. (1).

Evol = €, 128, (€Y

For an ¢,, comparison, specimens with the same secant modulus were used for each concrete type. As a result, ¢,, was the smallest
at 0.04GCS and the largest at OPC. In addition, 0GCS and 0.04GCS decreased by about 17.3 % and about 33.7 % compared to OPC. In
conclusion, strength test results confirmed that the incorporation of GO increased f;, and reduced the dilation in uniaxial compression.
The reason is that GO doping enhances the dispersibility of nanomaterials, preventing agglomeration and reducing porosity, while also
promoting the hydration reaction [18,19].

3. Pull-out test of triple nano-reinforced concrete
3.1. Test plan

Bond stress is affected by various factors such as concrete cover thickness (c;), embedded length of reinforcing bar (l;), and the
diameter of the reinforcing bar (d;) [37-40]. In this study, a pull-out test was performed to evaluate various factors affecting the bond
characteristics of triple nano-reinforced concrete and to identify the bond mechanism. The main purpose of this study was to evaluate
the effect of GO incorporation on the mechanical properties of triple nano-reinforced concrete on the bond characteristics. Further-
more, in ACI 318-19 [41], when calculating the development length (1) of the rebar, the diameter of the rebar and the concrete cover
thickness are required according to Eq. (2), without considering the material strength. Therefore, the variables of the pull-out test
specimen are the amount of nanomaterial, c, lj, and d.

I, = f‘ wdh 2

1.1,1\/J7; (—"’;f")

Here, 1 is the modification factor to reflect the lightweight concrete, y,, w,, W, W, are the factor used to modify development length,
K, is the transverse reinforcement index.

A specimen was fabricated using the concrete mix proportion in Table 1 to confirm the bond stress as a function of GO incorpo-
ration. The specimen induced pull-out failure and splitting failure, and the failure mode is affected by l;. According to Tepfers [21],
when tensile stress is applied to reinforcing bars embedded in concrete, the radial stress determined by embedded length is applied to
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Fig. 4. Stress-strain relationship of concrete with nanomaterials.
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the concrete. If this stress is higher than the tensile strength of the concrete, splitting failure will occur. When the embedded length is
short, pull-out failure occurs because the radial stress is low. Conversely, when the embedded length is long, splitting failure occurs. In
this study, the [; of the D16 reinforcing bar was set to 1.5d, to induce pull-out failure, and I; was set to 3d, to induce splitting failure. In
RILEM RC6 [42], which was referred to when fabricating the specimen, l; is suggested as 5d,. However, for specimens with high
strengths above 70 MPa, the reinforcing bar may yield before concrete failure. To prevent this, l; was set to 3d, or less.

In addition, ¢; and dp,, which affect splitting failure, were set as variables. There are three types of d,: D13, D16, and D22. ¢, was set
according to RILEM RC6 [42] and KDS 14 20 52 [43]. The test specimen designations followed the convention shown in Fig. 5. When
fabricating the specimen, PVC pipes were used to generate bond stress only where the reinforcing bar was embedded. The test
specimen details are shown in Fig. 6.

A total of 21 specimens were planned, and the specifications of each specimen and the material test results for each concrete mix
proportion are presented in Table 4. The specimens were produced on different dates, and due to the limited capacity of the shaft
mixer, the pull-out test specimens and the specimens for material testing were produced in two separate batches. The concrete
strengths presented in Table 4 are the material test results of the specimens produced simultaneously with the pull-out test specimens,
which differ from those in Table 3. The nominal yield strength of the reinforcing bars used in this study was 500 MPa. The tensile
strength test results of reinforcing bars according to KS B 0802 [44] all showed results exceeding the nominal yield strength. The
tensile strength test results of reinforcing bar are shown in Table 5.

3.2. Test procedure

Fig. 7 shows the test setup. A screw jack with a capacity of 500 kN was used to pull out the reinforcing bar. Additionally, a coupler
was installed at the end of the reinforcing bar to fix the reinforcing bar during the test. Teflon plates were placed to minimize friction
between the frame and the bottom and side surfaces of the specimen. Specimens were tested using a displacement control system and
were controlled at a rate of 0.5 mm/min.

The slip between the concrete and the reinforcing bar that occurred during the test was measured using a linear-variable
displacement transducer (LVDT). The relative displacement between the free end of the reinforcing bar and the concrete and the
eccentricity of the specimen were measured through LVDT 3 and LVDT 4. In addition, six LVDTs were additionally installed to measure
the movement and eccentricity of the frame that occurred during the test.

3.3. Test results

3.3.1. Failure modes
The pull-out test results are shown in Table 6. The actual bond stress applied to the reinforcing bar was distributed differently for
each position of the reinforcing bar. However, it is impossible to determine the load based on the position of the reinforcing bar.
Assuming that the load acting on [; is equal, the average bond stress () between the reinforcing bar and the concrete was obtained as
shown in Eq. (3).
. ®

- ﬂdbld

where F is tensile force on reinforcing bar.

Pull-out failure occurred in all specimens with an l; of 1.5d,, and the typical crack patterns at failure are shown in Fig. 8(a). On the
other hand, all specimens with I; of 3d, and a thin concrete cover of 3.1¢,/d, or less had splitting failure. The specimens with a thin
concrete cover have cracks on the side of the specimen, and the typical crack patterns at failure are shown in Fig. 8(b).

Three failure modes occurred in the specimen with an [; of 3d, and a thick concrete cover of 4.5¢;/d;, or more. The specimens with
D13 reinforcing bar diameter showed two failure modes: splitting failure and pull-out failure. Splitting failure was observed in 0GCS-
D13-7.4C-3L, however pull-out failure was observed in OPC-D13-7.4C-3L and 0.04GCS-D13-7.4C-3L. The reason for this is that the
absolute values of f. and f;, for 0GCS are greater than OPC and 0.04, suggesting that yielding of the reinforcing bar occurs at the bond
length of 3d, when a sufficient cover thickness is provided. Additionally, variations in the failure patterns can occur even within the
same experiment in bond tests, leading to the conclusion that such phenomena have been observed [45,46].

Second, splitting failure and reinforcing bar yielding occurred in the specimens with a D16 reinforcing bar diameter. Splitting
failure was observed in OPC-D16-5.8C-3L and 0.04GCS-D16-5.8C-3L. However, in 0GCS-D16-5.8C-3L, the reinforcing bar yielded
before failure, thus the exact bond strength could not be determined. This is because £’ and f;, of 0GCS are relatively higher than those
of OPC and 0.04GCS.

0.04GCS-D13-3.1C-1.5L

Loy sa,
cs/dy

Diameter of reinforcing bar
Concrete mix proportion

Fig. 5. Bond specimen designation.
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Fig. 6. Test specimen details.
Table 4
Details of test specimens.
No.  Specimen Concrete ﬂ MPa) fp (MPa) ¢/dy lg/dy  Reinforcing bar Predicted failure
designation designation mode
1 OPC-D16-5.8C-1.5L OPC 82.68 5.10 5.8 1.5 D16 Pull-out
2 0GCS-D16-5.8C-1.5L 0GCS 87.38 5.85
3 0.04GCS-D16-5.8C- 0.04GCS 79.64 4.38
1.5L
4 OPC-D13-7.4C-3L OPC 82.68 5.10 7.4 3 D13 Splitting
5 0GCS-D13-7.4C-3L 0GCS 87.38 5.85
6 0.04GCS-D13-7.4C-3L 0.04GCS 79.64 4.38
7 OPC-D13-3.1C-3L OPC 82.68 5.10 3.1
8 0GCS-D13-3.1C-3L 0GCS 87.38 5.85
9 0.04GCS-D13-3.1C-3L 0.04GCS 82.09 5.94
10 OPC-D16-5.8C-3L OPC 82.68 5.10 5.8 D16
11 0GCS-D16-5.8C-3L 0GCS 87.38 5.85
12 0.04GCS-D16-5.8C-3L 0.04GCS 79.64 4.38
13 OPC-D16-2.5C-3L OPC 82.68 5.10 2.5
14 0GCS-D16-2.5C-3L 0GCS 87.38 5.85
15 0.04GCS-D16-2.5C-3L 0.04GCS 79.64 4.38
16 OPC-D22-4.5C-3L OPC 77.76 5.33 4.5 D22
17 0GCS-D22-4.5C-3L 0GCS 85.57 5.54
18 0.04GCS-D22-4.5C-3L 0.04GCS 75.50 4.99
19 OPC-D22-1.8C-3L OPC 77.76 5.33 1.8
20 0GCS-D22-1.8C-3L 0GCS 85.57 5.54
21 0.04GCS-D22-1.8C-3L 0.04GCS 75.50 4.99
¢s: the concrete cover thickness, I;: the embedded length of reinforcing bar, dj: diameter of the reinforcing bar.
Table 5
Mechanical properties of reinforcing bars.
Reinforcing bar designation d, (mm) fy (MPa) fym  (MPa) fu (MPa) &, (mm/mm)
D13 12.7 500 559.9 632.6 0.0028
D16 15.6 550.1 674.4 0.0028
D22 22.2 541.4 720.5 0.0027

fy: nominal yield strength of reinforcing bar, f,,,: measured yield strength of reinforcing bar, f,: tensile strength of reinforcing bar, ¢,: yield strain of
reinforcing bar.

Finally, splitting failure was observed in OPC-D22-4.5C-3L, 0GCS-D22-4.5C-3L, and 0.04GCS-D22-4.5C-3L using a D22 reinforcing
bar diameter. This is because the specimens used a thick reinforcing bar with a diameter of 22.2 mm. In addition, the concrete cover of
the specimens was 4.5c¢;/dp, and they had a thinner concrete cover than the specimens using D13 and D16 reinforcing bar diameter.

3.3.2. Bond stress-slip curve

A bond stress-slip curve is proposed in the fib Model Code 2010 [47]. This equation goes up to 7, .« and is given in Eq. (4).
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Fig. 7. Test setup for pull-out test.

a
Tp = Thmax (Si) (0<s<s1) 4
1

Here, 7, is bond stress, s is the slip between reinforcing bar and concrete, s; is the slip at the maximum bond stress, and « is a
coefficient.

Fig. 9 shows the bond stress-slip curve of the specimen that induced pull-out failure. In the bond stress-slip curve, the change in the
ascending curve according to the incorporation of nanomaterials was evaluated. To compare slip reaching Py, 7, was divided by
Tp max- Based on Eq. (4), Sgee  eng Was divided by s, to compare the slip up to 7 /7y max- Sfree  end Was calculated as the average of LVDT 3
and LVDT 4.

The bond stress-slip curve between reinforcing bars and concrete can be modeled based on « [38], and smaller values of « are
related to smaller slip at the same 7,. To derive the value of a for each test specimen, linear regression analysis should be performed

based on normalized data. By dividing both sides of Eq. (4) by 7 max and taking the natural logarithm, it can be expressed as ln( b ) =

Tb.max

T
Tbmax

aln(3), as shown in Eq. (5). Following Eq. (5), performing linear regression analysis with ln< )as the dependent variable and In (%)

as the independent variable, while fixing the y-intercept to 0, allows us to obtain the slope through linear regression analysis. This slope
represents a in Eq. (5).

ln( b ) = aln(i)(O <s<s) (5)

Tb,max

a of 0.04GCS-D16-5.8C-1.5L was the smallest at 0.22, whereas a of 0GCS-D16-5.8C-1.5L was the largest at 0.56. Although f,’ and f;,



D. Hwangbo et al. Case Studies in Construction Materials 18 (2023) 02206

Table 6
Test results.
No. Specimen Poax (KN) Tomax  (MPa) Tl}Lax Sfrecend  (MM) Actual failure mode
sp

1 OPC-D16-5.8C-1.5L 77.13 67.26 13.18 0.678 Pull-out
2 0GCS-D16-5.8C-1.5L 70.17 61.19 10.47 0.937 Pull-out
3 0.04GCS-D16-5.8C-1.5L 36.78 32.07 6.72 0.246 Pull-out
4 OPC-D13-7.4C-3L 66.67 43.86 8.59 0.788 Pull-out
5 0GCS-D13-7.4C-3L 71.79 47.23 8.08 0.379 Splitting
6 0.04GCS-D13-7.4C-3L 67.71 44.54 9.33 0.626 Pull-out
7 OPC-D13-3.1C-3L 43.08 28.34 5.55 0.047 Splitting
8 0GCS-D13-3.1C-3L 38.29 25.19 4.31 0.038 Splitting
9 0.04GCS-D13-3.1C-3L 52.48 34.52 5.81 0.214 Splitting
10 OPC-D16-5.8C-3L 99.85 43.53 8.53 0.356 Splitting
11 0GCS-D16-5.8C-3L 128.3 55.94 9.57 4.089 Reinforcing bar yielding
12 0.04GCS-D16-5.8C-3L 108.17 47.16 9.88 0.772 Splitting
13 OPC-D16-2.5C-3L 67.51 29.43 5.77 0.168 Splitting
14 0GCS-D16-2.5C-3L 60.75 26.49 4.53 0.046 Splitting
15 0.04GCS-D16-2.5C-3L 59.00 25.72 5.39 0.166 Splitting
16 OPC-D22-4.5C-3L 142.05 30.58 5.74 1.180 Splitting
17 0GCS-D22-4.5C-3L 96.79 20.84 3.76 0.045 Splitting
18 0.04GCS-D22-4.5C-3L 153.3 33.00 6.62 0.201 Splitting
19 OPC-D22-1.8C-3L 127.78 27.51 5.16 0.176 Splitting
20 0GCS-D22-1.8C-3L 114.51 24.65 4.45 0.067 Splitting
21 0.04GCS-D22-1.8C-3L 98.62 21.23 4.26 0.143 Splitting

Prax: maximum load, 7p . maximum bond strength, S, enq: free end slip at maximum load.

(a) Pull-out failure

(b) Splitting failure of specimen with thin concrete cover

Fig. 8. Typical crack patterns at failure.
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Fig. 9. Effect of nanomaterials on the normalized bond stress-slip curves.

values of 0.04GCS-D16-5.8C-1.5L were the smallest, a was the smallest. In conclusion, slip is reduced at the same bond stress when GO

is incorporated.

3.3.3. Effect of concrete cover

The bond strength between the concrete and the reinforcing bar is affected by f;,. In this study, the effect of f;, was eliminated by
dividing 74 max by fop. Specimens in which splitting failure was observed were affected by d, and c,. Therefore, normalized bond stress
(7p,max /fp) according to c;/d, was evaluated for the specimens in which splitting failure was observed. This result is shown in Fig. 10. In
addition, the regression analysis formula results are shown in Table 7.

Among the specimens with the same c;/d,, 0.04GCS had the largest 75 max/f;p except for the specimen with 1.8¢,/d,. The rate of
increase of 7p, ma /fsp With growing c;/dp increased in the order of OPC, 0GCS, and 0.04GCS. This result is due to the high dispersion of
incorporated GO. In addition to f,, the changes in mechanical properties of concrete as a function of GO incorporation affected the

bond strength.

3.3.4. Strain distribution
vc and ¢, affect the strain generated in the specimen during the pull-out test. Therefore, strain (¢) was measured during the pull-out

test to investigate the effect of the mechanical properties of concrete on the bond strength. To accurately measure ¢, a strain gauge was
attached to the specimen with a concrete cover of 3.1c¢;/d, or less, which is expected to crack on the lateral face of the specimen. Strain
gauges were attached to the lateral face of the specimen with the same spacing, and the location of the strain gauge is shown in Fig. 11.
Strain gauges were named G1, G2, and G3 in order starting closest to the loaded end.

Fig. 12 shows ¢ of the specimen at P,,,s. There was no significant difference in ¢ of G3 for all specimens. However, ¢ of G1 was the
smallest for the specimen made of 0.04GCS concrete regardless of c/dp.

Fig. 13 shows the lateral strain at G1 (e61) according to cs/dy. A smaller cs/d, yields a larger strain difference. The specimen made of
0.04GCS had the smallest ¢5; compared to other specimens, and 0.04GCS-D22-1.8C-3L had about 76 % lower ¢5; than OPC-D22-
1.8C-3L. These results are also influenced by the mechanical performance of 0.04GCS, which has a smaller v, and ¢,, compared to

B
2 12 D16

5 OPC

2104 m0GCS  Bmm_q114% 4249

(3 = dy |

. +0.04GCS ; —~ R

@ 8_ i .
® 1 D6 A D13
T 6 .

S -2 +3.76
o) i d,
8 47 D22 D13 o r,,;.,ax s
I D22 7 = 0.875+2.15
© 27

£
§ 0 T T T T T T

1 2 3 4 5 6 7 8

Concrete cover, ¢, /d,

Fig. 10. Effect of concrete cover on the normalized bond strength.
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Table 7
Regression analysis formula results of bond strength.
Type Regression analysis formula R?
OpC T _ 0,675 4+ 376 0.83
fsP dy
0GCs D _ 0875 4 215 0.59
fo dy
0.04GCS Tomax _ 1145 949 0.86
fo dy

0.251 0.251 0.251 0.251

l |
“Tom

R (R

4

Fig. 11. Strain gauge locations for test specimens.

OPC and 0GCS, regardless of f." and f,. According to previous studies [29], it has been reported that carbon nanotubes (CNTSs)
effectively control microcracks, leading to improved adhesion performance. Additionally, the incorporation of graphene oxide (GO)
enhances the dispersion of nanomaterials and prevents agglomeration [18,19]. It is believed that the increased dispersion of CNTs due
to the incorporation of GO promotes crack control through cross-linking effects in concrete.

4. Evaluation of bond strength

The pull-out test of triple hybrid-reinforced concrete showed that the bond characteristics are affected by f, and e,,. As a result of
the concrete strength test, f;, increased, and the dilation was reduced according to GO incorporation. In the evaluation of bond
characteristics through the pull-out test, 7 . /f;p increased and sg.. enq decreased as the transverse strain of concrete against radial
stress decreased. Therefore, when calculating 7, of triple hybrid-reinforced concrete, it is important to consider the mechanical
properties fg, and v, which is closely related to the volumetric deformation of concrete.

According to Lutz and Gergely [20], bonds consist of three components: chemical adhesion, friction, and mechanical interaction
between concrete and steel. In the initial loading, chemical adhesion and mechanical interaction reduce the slip of the reinforcing bar.
Slip occurs after the chemical adhesion is lost. Slip can be prevented due to the bearing force between the rib of the reinforcing bar and
the concrete. Rehm [48] and Lutz [49] performed pull-out tests using reinforcing bars with rib face angles between 40° and 105°. If the
angle of the rib face is greater than 40-45°, friction should be considered because the friction between the rib face and the concrete
effectively prevents slip of the reinforcing bar. Since the angle of the rib face of the reinforcing bar used in this study is greater than 45°
according to KS D 3504 [50], friction should be considered when calculating the bond strength.

Huet al. [51] proposed a formula for splitting bond strength as the sum of mechanical interaction and friction. For the mechanical
interaction calculation formula, the formula proposed by Tepfers [21] was used when the concrete was partly cracked. The friction
equations proposed by Timoshenko and Goodier [52] and Bathe and Chaudhary [53] were used.

The splitting bond strength (zy,) can be expressed as Eq. (6).

Ty =T+ 1T+ 1, (6)
where 7, is mechanical interaction, s is friction, and 7. is chemical adhesion.

7. resists only small loads and has little effect on bond strength. Therefore, it is assumed that there is no chemical adhesion when
calculating bond strength. According to Tepfers [21], when partial cracks occur in concrete, 7, is calculated as in Eq. (7).

s+ Ry
Tm:fc-i-

“1.664d,, @

where f;; is tensile strength of concrete, and Rg is the radius of the reinforcing bar, dj/2.
Huetal. [51] expressed 7¢ as shown in Eq. (8) based on the radial stress calculation equation proposed by Timoshenko and Goodier
[52] and Bathe and Chaudhary [53].
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Fig. 12. Concrete strain at maximum load.
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Here, &g, is concrete shrinkage, u is friction coefficient, E; is elastic modulus of reinforcing bars, v, is Poisson’s ratio of reinforcing
bar, E, = E;/(1 — v2), E. =E./(1 — 0?),v, =0,/(1 — v5), v, =0./(1 —v),and R, =R + .

In the fib ModelCode 2010 [47], it is stated that the direct tensile strength f; has the same value as the splitting tensile strength f;,.
Therefore, in this study, f;, was used instead of f.;. Therefore, 7y, is calculated as in Eq. (9).
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To incorporate the mechanical properties of concrete for each mixture, the values of E, and v, from Table 4 were substituted into Eq.
(9). In addition, 1.05 suggested by Allwood and Abullah [54] for 4 and 0.00800 suggested by Wight [55] for &y, were substituted into
Eq. (9). Table 8 shows the results calculated using Eq. (9). In addition, Fig. 14 is a graph showing a comparison of the calculated value
and the test results. The calculated value (z.,.) of the specimen using OPC and 0.04GCS concrete has an error of approximately 5 %
when compared with the test results. Therefore, 7., accurately predicts the actual bond strength. However, 7., of the specimen using
0GCS were overestimated by about 18 % compared to the test results. This is because the non-incorporation of GO lowered the
dispersion of the solution, resulting in agglomeration.

In future studies, y and &g, of triple hybrid-reinforced concrete should be measured to more accurately predict the bond strength of
triple hybrid-reinforced concrete. Additionally, factors such as surface angle of the crushed concrete and rib face angle affect radial
stress should be explored to predict the bond strength more accurately.

5. Conclusions

The purpose of this study was to evaluate the bond strength considering the mechanical properties of triple hybrid-reinforced
concrete. The pull-out test was conducted on a total of 21 specimens, and the following conclusions were obtained.

(1) When nanomaterials were incorporated into concrete, there was no significant difference in compressive strength. Conversely,
the splitting tensile strength was increased compared to OPC. 0GCS without GO increased by about 6.4 % compared to OPC, and

Table 8
Results of calculated and experimental bond strength.
No. Specimen Failure mode Teae  (MPa) Tpmax  (MPa) Teale / Th.max Average of 7cuic /Th max Coefficient of variation
7 OPC-D13-3.1C-3L Splitting 28.38 28.34 1.00 0.95 0.11
10 OPC-D16-5.8C-3L 36.73 43.53 0.84
13 OPC-D16-2.5C-3L 26.49 29.43 0.90
16 OPC-D22-4.5C-3L 33.53 30.58 1.10
19 OPC-D22-1.8C-3L 24.74 27.51 0.90
5 0GCS-D13-7.4C-3L 46.03 47.23 0.97 1.18 0.22
8 0GCS-D13-3.1C-3L 30.85 25.19 1.22
14 0GCS-D16-2.5C-3L 28.70 26.49 1.08
17 0GCS-D22-4.5C-3L 33.64 20.84 1.61
20 0GCS-D22-1.8C-3L 24.49 24.65 0.99
9 0.04GCS-D13-3.1C-3L 31.71 34.52 0.92 0.94 0.14
12 0.04GCS-D16-5.8C-3L 34.64 47.16 0.73
15 0.04GCS-D16-2.5C-3L 25.85 25.72 1.00
18 0.04GCS-D22-4.5C-3L 31.55 33.00 0.96
21 0.04GCS-D22-1.8C-3L 23.33 21.23 1.10

Teale: calculated bond strength.
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Fig. 14. Evaluation of bond strength predictions.

0.04GCS mixed with GO increased by about 31.0 % compared to OPC. Poisson’s ratio and volumetric strain were the lowest at
0.04GCS. In particular, the volumetric strain of 0.04GCS was reduced by about 33.7 % compared to OPC, which had the largest
volumetric strain.

(2) As a result of pull-out tests, it showed that slip decreased according to GO incorporation. As for the increase in 7 ma /fsp ac-

3

(4

=

—

cording to c;/dp, 0.04GCS was the highest at 1.14. The strain generated in the specimen during the pull-out test was the smallest
in the specimen using 0.04GCS concrete regardless of the concrete cover. The specimens using 0.04 GCS concrete showed
reduced strain by up to 76 % compared to OPC. This is a result reflects the mechanical properties of 0.04 GCS, which had the
smallest Poisson’s ratio and volumetric strain.

Calculations considering the mechanical properties of concrete in the formula for splitting bond strength showed that the error
between the calculated value and the experimental value for OPC and 0.04GCS was around 5 %. On the other hand, the
calculated value of 0GCS was overestimated by about 18 % compared to the test result. This is because GO is not incorporated
into 0GCS, which causes agglomeration between nanomaterials.

In this study, the bond strength for various variables was evaluated using the pull-out test, and a methodology for assessing the
bond strength of nano-concrete based on its mechanical properties was proposed. However, the validated data relies solely on
the limited experiments conducted in this study, which emphasizes the need for further validation using a larger dataset from
other studies. Moreover, the pull-out test is an experimental method that overestimates the bond strength. Therefore, in future
studies, it is necessary to perform a lap splice test on reinforced concrete beams to determine appropriate design lengths.
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