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Abstract: Carbon-nanotube shaped reinforcement (CSR) and traditional latitude and longitude reinforcement (LLR) made of
tough resin were 3D printed and applied to concrete specimens. The element numbers of 10, 12, and 14 per layer were selected to
investigate the reinforcement by CSR and LLR separately. The uniaxial compressive behaviors of the CSR and LLR reinforced
concrete specimens were studied by a series of laboratory tests. The experimental results indicate that the strength of a CSR
reinforced specimen with 10, 12, and 14 elements per layer increases by 59.77%, 85.94%, and 108.98%, respectively, compared
with the unreinforced specimen. The strength of the LLR reinforced specimen with 10, 12, and 14 elements per layer increases by
24.22%, 46.88%, and 68.75%, respectively, compared with the unreinforced specimen. CSR thus demonstrates higher efficiency
in compressive strength improvement than LLR does. The results also show that the failure pattern changes from global failure to
partial failure as the element number per layer of CSR increases. The present research provides a potential innovative reinforcing
technology for civil engineering applications.
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1 Introduction

Concrete is widely used in building and infra-
structure construction. Based on the mature theory
framework, researchers have gained the insight into
the nature of the 3D mechanical behavior of concrete
(Wang et al., 2018; Lu et al., 2019). However, its
engineering performance is limited by its low ductil-
ity and its brittle charactistics, which may result in
structure collapse (Micelli and Nanni, 2004; Dias and
Thaumaturgo, 2005; Pendhari et al., 2008; Ahmed
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and Maalej, 2009; Chi et al., 2014). Therefore, an
innovative reinforcing technique is of significance for
civil engineering (Wight et al., 2001; Micelli and
Nanni, 2004; Dias and Thaumaturgo, 2005; Ouyang
et al., 2006; Jiang et al., 2008; Pendhari et al., 2008;
Tsonos, 2008; Ahmed and Maalej, 2009; Zhang and
Zhu, 2010; Jiang and Fan, 2013, 2015; Chi et al.,
2014; Lin et al., 2014; Carballosa et al., 2015; Chen et
al., 2015; Chuah et al., 2016).

Currently, latitude and longitude reinforcement
(LLR) is generally used because of its easy operation
and low cost. However, it is released that the rec-
tangular shape of the element formed in LLR is not
the perfect shape for uniformly distributing stress in
the concrete. Research has been conducted to inves-
tigate the effects of element shape on the reduction of
stress concentration. It has been found that the
carbon-nanotube with a hexagonal element shape has
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excellent characteristics, such as large compressive
strength and low stress concentration (Treacy et al.,
1996; Lee et al., 1997; Wong et al., 1997; Ajayan,
1999; Salvetat et al., 1999). However, the proper uti-
lization of carbon-nanotube shaped elements in force
dispersion, stress concentration reduction, and load-
ing capacity improvement for concrete reinforcement
has been limited by construction technology.

Recently, the rapid development of 3D-printing
technology provides a potential approach for concrete
reinforcement. 3D-printing technology is an emerg-
ing technology in the manufacturing field, and has
been identified as an industrial revolution (Walters
and Davies, 2010). It has the advantages of high pre-
cision, fast production, and saving of materials with
almost no left-over waste. It has been successfully
applied in the fields of medicine (Michalski and Ross,
2014) and process manufacture (Sanz-Izquierdo and
Parker, 2013) as well as in construction engineering
(Pegna, 1997; Le et al., 2012; Cesaretti et al., 2014).
In addition, 3D-printing technology provides a flexi-
ble way to produce arbitrary forms of reinforcement
element, such as carbon-nanotube shaped reinforce-
ment (CSR). Although the application of 3D-printing
technology has great potential in concrete reinforce-
ment engineering, its influence on design parameters,
such as the element shape and reinforcement ratio,
and the improvement of low-ductile and brittle char-
acteristics by such reinforcement have not yet been
explored.

In this study, CSR is introduced by the 3D-
printing technology. Its improvement of the compres-
sive performance of concrete is compared with the
traditional LLR concrete by a series of compression
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tests. The optimal reinforcement ratio is proposed and
the modified fail pattern is discussed to show the
advantages of CSR.

2 Experimental program
2.1 Material properties

The present study aims to investigate the effects
of the geometrical parameters of the reinforcement
element, in which materials which have similar be-
haviors to steel are generally used. In the present study,
a 3D-printing photopolymer was utilized to produce a
durable and accurate 3D reinforcement element. The
material has a white, opaque appearance with per-
formance comparable with acrylonitrile-butadiene-
styrene (ABS). Tension and compression tests were
performed to obtain its mechanical properties.

Fig. 1 shows the typical tensile and compressive
results. It is seen from Fig. 1 that the 3D-printing
material shows a stable performance for both com-
pressive and tensile behaviors. Moreover, its stress-
strain curves are similar to those of traditional metallic
reinforcing materials. Therefore, a reduced scale model
was designed to study the effects of element shape on
the reinforcement of concrete as shown in Fig. 2.

It is also noted that the strengths of the concrete
and the reinforcing material should be matched to
achieve the best performance in practical engineering.
Therefore, cement mortar with strength of M2.5 was
adopted as the filling material according to the code
for design of concrete structures (MOHURD, 2010a).

In addition, the reinforcement ratio in concrete
should be controlled within a reasonable range. Too
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Fig. 1 Mechanical behavior of 3D-printing material
(a) Compressive behavior; (b) Tensile behavior
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small a reinforcement ratio leads to brittle failure
while too large a reinforcement ratio leads to material
waste. In the present study, 10, 12, and 14 elements
per layer were specified for the reinforcement as
shown in Fig. 2. C10, C12, and C14 denote that the
concrete was reinforced by CSR with 10, 12, and 14
elements per layer, respectively. P10, P12, and P14
denote that the concrete was reinforced by LLR with
10, 12, and 14 elements per layer, respectively. The
reinforcing cage has a diameter of 90 mm and a length
of 190 mm.

To eliminate the influence of random environ-
mental factors on the experimental results, three
specimens were made for each of the six types of

reinforcements (Fan et al., 2017). For comparison,
three concrete specimens without reinforcement were
also tested to demonstrate the effects of reinforcement.
All the specimens, as shown in Table 1, were ap-
proximately 200 mm in height and 100 mm in diameter
(MOC, 2003; Wu et al., 2010a, 2010b).

2.2 Sample production

Digital models of carbon nanotube reinforce-
ment and traditional reinforcement were built up as
shown in Fig. 2. Using the 3D-printing material, two
types of designed reinforcement were printed by an
SLA600-3D printer with laser curing 3D-printing
technology as shown in Figs. 2a and 2b, respectively.

Regular hexagon unit

(b)

Fig. 2 Two types of reinforcement structures by 3D-printing
(a) Carbon-nanotube shaped reinforcement (CSR); (b) Traditional latitude and longitude reinforcement (LLR). The description
of the variables is shown in Tables 2 and 3

Table 1 Experimental samples

Sample
N-1, N-2, N-3

Reinforcement density
0 element (N)

Reinforcement type

No reinforcement

CSR 10 elements (C10) C10-1, C10-2, C10-3
12 elements (C12) Cl12-1,C12-2,C12-3
14 elements (C14) Cl14-1, C14-2,C14-3
LLR 10 elements (P10) P10-1, P10-2, P10-3

12 elements (P12)
14 elements (P14)

P12-1, P12-2, P12-3
P14-1, P14-2, P14-3
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Tables 2 and 3 show the parameters for the rein-
forcement. According to the specifications for the mix
proportion design of masonry mortar (MOHURD,
2010b), the quantity ratios of cement, medium sand,
and water were given as 200 kg/m’, 1450 kg/m’, and
320 kg/m’, respectively. After mixing, concrete was
placed into the molds via the 3D-printing reinforce-
ments and vibrated. The samples were cured in a
standard concrete curing box. Twenty-four hours later,
the molds were removed and the specimens were
cured for 28 d in a standard curing box.
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3 Results and discussion
3.1 Stress-strain relationship

From the uniaxial compression tests, the com-
pressive stress-strain curves of each specimen were
obtained. The stress-strain curves of samples without
reinforcement are shown in Fig. 3 as a reference. The
stress-strain curves of samples by CSR and LLR are
shown in Figs. 4 and 5, respectively. Compressive
strengths of these 21 specimens are summarized in

Table 4.

Table 2 Geometrical parameters of carbon-nanotube shaped reinforcement

Height, H Diameter, @ Volume, V Rod length, L Rod diameter, d Node diameter, D
CSR (mm) (mm) (mm?®) (mm) (mm) (mm)
C10 190 90 27219 15.50 3.0 6.0
C12 190 90 34420 13.45 3.0 6.0
Cl4 190 90 46773 11.70 3.0 6.0
Table 3 Geometrical parameters of traditional latitude and longitude reinforcement
Height, H Diameter, @ Volume, V' Vertical rod, L; Transverse rod, L, Rod diameter, d
LLR (mm) (mm) (mm?®) (mm) (mm) (mm)
P10 190 90 29977 23.75 28.27 3.0
P12 190 90 34073 21.11 23.56 3.0
P14 190 90 39941 17.27 20.20 3.0
Table 4 Compressive strength
Reinforcement Sample Compressive strength (MPa) Average compressive strength (MPa)
N-1 2.85
Without reinforcement N-2 2.40 2.56
N-3 2.44
C10-1 3.90
C10-2 434 4.09
C10-3 4.03
Cl12-1 4.62
CSR Cl12-2 4.78 476
Cl12-3 4.87
Cl4-1 511
Cl14-2 5.31 5.35
Cl14-3 5.64
P10-1 3.17
P10-2 3.45 3.18
P10-3 2.93
P12-1 3.51
LLR P12-2 3.97 3.76
P12-3 3.80
P14-1 4.63
P14-2 4.28 432
P14-3 4.04
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Fig. 4 Stress-strain curves of concrete by CSR

(a) C10; (b) C12; (c) C14
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Fig. 5 Stress-strain curves of concrete by traditional LLR
(a) P10; (b) P12; (c) P14

From Table 4, it can be seen that each group of
reinforced concrete has three compressive strengths,
and the difference between the maximum and mini-
mum is smaller than 15%. Therefore, the arithmetic
average value of the three compressive strengths was
taken as the average value of the compressive strength
of the reinforced concrete according to the standard
for the test method of basic properties of construction
mortar (MOC, 2009).
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3.2 Compressive strength

The stress-strain relationships for the specimens
without reinforcement by CSR and LLR were aver-
aged and compared in Fig. 6. Table 4 summarizes the
compression strengths.

It can be seen from Table 4 and Fig. 6 that the
peak strength of specimens without reinforcement is
around 2.56 MPa. The peak strengths of specimens
with different amounts of CSR are 4.09 MPa,
4.76 MPa, and 5.35 MPa, respectively. Compared
with the unreinforced specimens, the strengths of
specimens reinforced with C10, C12, and C14 in-
crease by 59.77%, 85.94%, and 108.98%, respec-
tively. The strengths of specimens reinforced by P10,
P12, and P14 are 3.18 MPa, 3.76 MPa, and 4.32 MPa,
which are increases of 24.22%, 46.88%, and 68.75%,
respectively. From these comparisons, CSR is seen to
increase the strength more significantly than the tra-
ditional LLR.
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Fig. 6 Stress-strain curves of all specimens

3.3 Strain at peak stress

The strain at peak stress denotes the point when
the material loses loading capacity. It is the initial point
of sharply descending portion on the stress-strain
curve. Table 5 shows the strain at the peak stress for
the specimens. From Table 5, the strain at peak stress
constantly increases with the increase in reinforce-
ment ratio. The strain at peak stress of unreinforced
specimens is 0.806%. The strains at peak stress of
specimens reinforced by C10, C12, and C14 are
1.056%, 1.162%, and 1.426%, respectively. These are
increases of 31.02%, 44.17%, and 76.92% compared
to the unreinforced specimen. The strains at peak

stress of specimens reinforced by P10, P12, and P14
are 1.261%, 1.372%, and 1.504% with respective
percentage increases of 56.45%, 70.22%, and 86.60%.
Both CSR and LLR improve the strain performance at
peak strength substantially.

Table 5 Strain at peak stress

Reinforcement Sample Strain at peak stress (%)
Without reinforcement N 0.806
CSR C10 1.056
C12 1.162
Cl4 1.426
LLR P10 1.261
P12 1.372
P14 1.504

3.4 Failure modes

Under compression loading, a crack first ap-
peared at the end of the sample. This crack continued
to expand and other cracks parallel to the first crack
appeared. With further increase of the load, one of
these cracks expanded to be the main crack in the
vertical direction. When reinforced structures were
damaged, part of the concrete covers spalled off with
a distinctly audible cracking sound.

Specimens without reinforcement exhibit typical
shear failure as characterized by a penetrating crack in
the specimens and the failed specimens are divided
into several parts as shown in Fig. 7. When specimens
are reinforced with P10 and P12, a main crack appears
along which the reinforced specimen fails as shown in
Figs. 8 and 9. It can be interpreted as reinforcement

Fig. 7 Failure mode of specimens without reinforcement
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improving the strength although it does not change
the failure mode from that of the unreinforced spec-
imen. On the other hand, the failure mode changes
from global failure to partial failure in the specimens
reinforced by P14 in Fig. 10. In view of their narrower
width and shorter length compared to the specimens
reinforced by P10 and P12 cracks are not so severe

HiAVA'@ O\

AVIW B

Fig. 10 Failure mode of specimens reinforced with P14

and a main crack does not appear. It does not run
through the whole specimen to break it up as shown in
Fig. 10. The dense reinforcement stops the crack from
propagating throughout the whole specimen.

The damage patterns of the specimens reinforced
by C10 are similar to those of the specimens rein-
forced by P10 and P12. There is a main crack running
through the overall specimens and thus the reinforced
specimens fail along the crack as shown in Fig. 11.
The failure mode of specimens reinforced by C12 has
both the features of global failure and partial failure. It
can be seen in Fig. 12 that the specimen has a main
crack running across the top to the bottom and the
crack is wider in the middle. In addition, the concrete
is crushed and the rods are broken at the top of the
specimen. However, the failure mode is conspicuously
changed from global failure to partial failure when the
specimens are reinforced by C14 (Fig. 13).

Fig. 12 Failure mode of specimens reinforced with C12

Comparing the failure modes of the specimens
reinforced by different reinforcement ratios and
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reinforcement types, it is observed from Figs. 7 to 13
that the failure mode switches from global failure to
transient global-partial failure and then to partial fail-
ure as the reinforcement ratio increases. The speci-
mens reinforced by P14 are damaged by a mixed mode
of global failure and partial failure. For the specimens
with CSR, the feature of partial failure appears when
the specimens are reinforced by C12. The samples are
damaged in the complete partial failure mode when
the specimens are reinforced by C14.

It is seen from Figs. 6 to 13 that CSR shows
improvements both in failure mode as well as in
strength compared to the traditional LLR.

Fig. 13 Failure mode of specimens reinforced with C14

4 Conclusions

The present study investigates the uniaxial
compression behavior of concrete specimens with
different 3D-printed reinforcements. The present
study contributes to providing a reference for the
design standard for the application of 3D-printing in
civil engineering. The following conclusions are
drawn from the analysis of the physical compression
tests.

1. The mechanical properties of specimens with
reinforcement are much better than those of speci-
mens without reinforcement. The strength and
toughness of specimens with reinforcement increase
constantly with the increase of the reinforcement ratio
in the appropriate reinforcement ratio range.

2. The strength of specimens reinforced by CSR
is greater than that of specimens reinforced by tradi-
tional LLR when the reinforcement ratio is similar.

3. The strains at peak stress for both types of
reinforcement are barely influenced.

Currently, 3D-printing technology still has lim-
itations, such as its inconvenience for practical engi-
neering in the field. Future research will be conducted
to overcome these demerits, e.g. through the provi-
sion of a 3D-printing machine suitable for practical
engineering, an economic 3D-printing material, and
the creation of design standards for the application of
3D-printing in civil engineering.
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