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Abstract: The performance of Graphene Oxide (GO) concrete composites subjected to extreme loading
have yet to be studied. This manuscript studies the performance of GO-incorporated concrete beams
subjected to impact loading. GO is added as a percentage to cement weight, where a control sample
concrete beam (0% GO) is compared with 0.02%, 0.04%, 0.06%, and 0.08% of GO added to concrete. The
beams are subjected to a low-velocity impact from a 400kg drop tower from a height of 0.5m. With an
increase of GO percentage, the mid-span deflection was reduced by 20%. Also, the formation of cracks on
the tension face is minimised. Furthermore, local scabbing at the point of impact is also reduced. Finally,
stark differences between the failures of the nominal concrete beam and the higher percentage GO
incorporated beams were observed and are critically described in the manuscript.
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1. Introduction

Concrete has been utilised in civil construction for decades for its excellent strength and durability in
compression. However, concrete is also very brittle and prone to resisting crack opening and propagation
due to its weakness in tension (Hao et al., 2014), which makes it very prone to short-duration dynamic loads.
With increasing global safety concerns from terrorism, concrete structures are often used as a safety barrier
to mitigate and prevent extreme load events. Many studies have been done to understand the behaviour of
reinforced concrete material under impact loading applications. Past studies indicate that the maximum
impact load, the impulse and the maximum mid-span deflection increase as the drop height increases
(Fujikaka et al., 2009). In contrast, the flexural load capacity remains constant beyond a certain impact
(Tachibana et al., 2010). Recently, (Anil, O. et al., 2016) carried out a series of high-speed impact
experiments on RC beams to investigate the relationship between the beam response values and the drop
height, the static flexural load-carrying capacity etc. Two empirical formulae were generated to estimate the
maximum and residual deflection of the beam based on the static load-carrying capacity and the input
impact energy (Anil, O. et al., 2016).

Although limited, some research has been conducted to improve the performance of RC beams under
impact loading. This involves new materials for reinforcement, such as using coconut fibre (Wang & Chouw,
2017), spiral steel fibre (Hao et al., 2014) and carbon fibre (Wang, Z. et al., 2021). It was found that carbon-
fibre reinforced concrete (CFRC) beams with 0.35% fibre content absorbed the highest energy by 2.3 times
that of beams without fibres (Wang, Z. et al., 2021). Mixing different materials as reinforcement has become
popular due to the increasing demand and interest in improving the performance of RC structures.



Analysis of incorporating graphene in cementitious materials has been considered a leading area of
research for construction and building technologies. Since the discovery and isolation of graphene in 2004,
there has been tremendous research on graphene in various applications, including biomedical sensors,
sports equipment, the automobile industry etc. However, graphene-incorporated RC structures only started
gaining researchers’ attention around 2016. The biggest challenge of incorporating graphene in
cementitious materials is overcoming its difficulties for dispersion in the mix. However, graphene oxide (GO),
a variation of pristine graphene in an oxidised form, readily dissolves in water due to the presence of oxygen-
containing groups in the atomic structure. GO has been proven effective in cement composites for
compensating for the brittleness and the low tensile and flexural strength of RC structures (Lv et al., 2013).
Other studies on GO as construction and building materials include the investigation of durability-related
properties and the reinforcement mechanisms of graphene (Tong et al.,, 2015), dynamic mechanical
properties (Long et al., 2017), abrasion resistance (Mohotti et al., 2022) and the improvement of
compressive and tensile strengths (Devi & Khan, 2019).

Whilst all these works have reported some performance increase in compressive and tensile strengths
alongside dynamic mechanical properties, no study has addressed the performance of GO-incorporated
cementitious materials under impact loadings. Thus, the main aim of this study is to investigate the
performance of the GO-incorporated concrete composite beams under impact loads. For this, beams with
dimensions of 150mm by 100mm by 1600mm (length) were subjected to impact damage via a drop tower
of mass 400kg from a fall height of 0.5m. The nominal concrete sample was designed to achieve a 32MPa
compressive strength at 28 days. The Graphene Oxide (GO) percentage was based on the cement ratio,
and a total of four GO percentages were tested at 0.02%, 0.04%, 0.06% and 0.08% where tested. Further
details of the beams, experimental setup and results are elaborated further in succeeding sections.

2. Experimental Test Setup

Each concrete mix produced three cylinders, each with 100mm diameter and 200mm length for 28 days of
characteristic compressive strength and indirect tensile strength tests to investigate the effects of
incorporating varying amounts of GO on the static mechanical properties. The drop height of the impactor
was validated and kept consistent at 0.5m through the development of a finite element model on AUTODYN
(on ANSYS) to ensure that the beams do not fail in a complete rupture. The beam size is 150mm by 100mm,
and the reinforcement arrangement is displayed in Figure 1. All beam specimens were tested at 80 days of
maturity with the set-up shown in Figure 2. The camera tripod was kept on the same position and angle with
sufficient lighting at an oblique angle to increase the brightness of the footage without reflective glares. The
specimen's failure modes and cracking patterns were recorded using a high-speed camera at 2000 frames
per second, and the maximum midspan deflection values were measured manually. The data collected by
the high-speed camera were processed using NCORR and DLTdv8a for DIC analysis and the production
of deflection time histories. A total of 10 beam specimens were tested and recorded.

2.1 Mix Design

The mix design tabulated in Table 1 was created based on the British Method using general-purpose
Portland Cement with the target 28 days characteristic strength of 32MPa. All mixes had a maximum
aggregate size of 10mm (crushed granite) and the water to cement ratio of 0.52. Sample identification
conventions of all specimens to be fabricated are tabulated in Table 2 for a clear record-keeping purposes.
Two beam specimens per concrete mix were fabricated with varying percentages of GO by weight of cement
(0.00%, 0.02%, 0.04%, 0.06% and 0.08%) except for CM0. CM0-3 and CMO0-4 were utilised for confirmatory
tests to confirm the drop height, speckle pattern for DIC (Figure 3) and the rehearsal of the testing procedure
on the drop tower mechanism. The GO powder was purchased from Ceylon Graphene Technologies-Sri
Lanka, a pristine GO derived from Vein Graphite with >99% Carbon. The GO was mixed with water using a
wet dispersion technique by mechanical stirring, and then the solution was incorporated into the cement
mix.

Table 1: Mix Proportion of Concrete




Weight (kg/m?3)
Mix Proportion C w CA FA
361 191 852 961
Note: C = cement, W = water, CA = Coarse aggregate, FA = Fine aggregate.

Table 2: Sample ID Chart

Sample ID GO (wt%) Sample 1 Sample 2 W H L
(mm) (mm) (mm)
CMo 0.00 CMO0-1 CMO0-2 100 150 1600
CM1 0.02 CM1-1 CM1-2 100 150 1600
CM2 0.04 CM2-1 CM2-2 100 150 1600
CcM3 0.06 CM3-1 CM3-2 100 150 1600
CcM4 0.08 CM4-1 CM4-1 100 150 1600
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Figure 1. Reinforcement Design: (a) Cross Sectional View (b) Reinforcement Layout

2.2 Drop Tower

The drop tower used for the free-falling weight impact tests consists of a 400kg cylindrical hammer on the
centre of the beam specimen with a drop height of 0.5m. The drop tower mechanism shown in Figure 2 was
constructed at UNSW Canberra Civil Engineering laboratory facility in 2021. As illustrated in Figure 2(a),
the beam specimens were simply supported at each end to create a three-point bending configuration which
enabled the beams to freely rotate while restraining the perpendicular movement. As shown in Figure 2(b),
the positioning of the camera was kept consistent by marking the tripod location. A high-strength lighting
system was also utilised to compensate the low brightness of the footage extracted from the high-speed
camera.

To extract meaningful data from the high-speed footage, such as deformation patterns, Digital Image
Correlation (DIC) technique was utilised. DIC is a robust technique for measuring material deformation
without having direct contact. It uses multiple image registration algorithms to track the relative
displacements of the material points with respect to a reference frame (Blaber, J. et al., 2015). DIC allows
for investigating deformation with size scales from meters to the nanoscale (Kammers and Daly, 2011) when
the material under testing is patterned and imaged appropriately. Amongst many software packages for
DIC, NCORR (Blaber, J. et al., 2015) is one of the few open-source software programs that enables 2D DIC
through MATLAB codes.

The nature of the speckle pattern used on the material can affect the accuracy of calculating deformation
and strain through NCORR (Dong and Pan, 2017). Four trial patterns were constructed on a dummy sample
to achieve the most appropriate selection of patterns. The pattern shown in Figure 3(b) was chosen due to
the following reasons: (1) Compatibility with the set-up: it produced the least “noisy” strain and deformation
heatmap; (2) Consistency: it uses the most appropriate technique, and size which enables a consistent
pattern in all specimens; (3) The sizes each speckle granule is approximately the recommended size of 3-
5 pixels or slightly greater (Dong and Pan, 2017): the footage taken from the high-speed camera used for
the experiment produces a resolution of 2.5 pixels/mm which equates to 5-7.5 pixels.
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Figure 2: Drop tower setup (a) Schematic front view (b) schematic side view and (c) Final test setup

(a) (b) (c) (d)

Figure 3. Trial Pattern Method and Diameters (a) spray paint: 0.5mm-6mm (b) paint pen: 2mm-2.5mm (c)
spray and stencil: 4mm (d) paint pen: 5.5mm

3. Results and Discussions

3.1 Static Mechanical Test

The results of compressive and indirect tensile strength tests at the curing age of 28 days are shown on
Figure 4 in graphical format. These values were taken from the average of three specimens produced per
each mix. The graphs shown in Figure 4 both indicate a clear improvement in compressive and tensile
strength with the additional inclusion of GO which validate the previous findings such as (Lv et al., 2013),
(Devi & Khan, 2019) and (Indukuri et al., 2020). The compressive strength of concrete was increased by



17.62% at 28 days for GO with 0.08%. Meanwhile, the indirect tensile strength was increased by 6.26% at
28 days.
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Figure 4: twenty-eight day (a) compressive strength and (b) indirect tensile strength

3.2 Residual Mid-Span Deflection

Residual mid-span deflection values are the most critical performance indicators that represent the RC
beams' toughness and resistance under impact loading scenarios, as they are directly proportional to the
level of damage induced from an impact. Real life structures subjected to accidental/intentional impact
loading may lose their structural integrity beyond a certain level of deflection. Figure 6 shows the raw images
of beams with different contents of GO post impact. Less cracks and the tension side, less scabbing and
damage can visually be observed with the increasing dosage of GO. The average residual mid-span
deflection values of each mix at the curing age of 80 days are comparatively represented in a graphical
format in Figure 5(a). The graph clearly indicates the decreasing trend in mid-span deflection values as
more GO is included.

Compared to the average residual mid-span deflection value of 34.04mm on CMO0 (no GO), CM4’s deflection
of 28.50 mm is 5.60mm less than CMO (16.30% increase in performance). It should be noted that the results
shown in Figure 5(a) are directly proportional to the behaviour of the static mechanical properties presented
in Figure 4. The most significant jump in residual mid-span deflection performance under impact loading is
observed from CM1 to CM2 (incremental performance increase rate of 10.15%). Figure 5(b) displays the
deflection time histories during the first 120ms from the beginning of impact which clearly shows the
behaviour of the initial response as the dosage of GO increases. The time it takes for the beam to recover
to a steady state was significantly decreased as the dosage of GO was increased. Compared to CMO (no
GO), CM4 (0.08 wt%) exhibited a performance increase in the initial response deflection by 14.30% and the
average recovery time by 22.70%.
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Figure 5: Midspan deflection values (a) averaged results and (b) time history deflection



(a) CM-0 (0% GO) (b) CM-1 (0.02% GO)

(c) CM-2 (0.04% GO) (d) CM-2 (0.06% GO)

(d) CM-3 (0.08% GO)
Figure 6: Beams post impact damage

3.3 Failure Mechanism

The failure mechanism of the beams under the impact load can be visualised in Figure 7 and Figure 8 which
represent the &, and ¢y, strains respectively. The analysis was conducted via NCORR (digital image
correlation) where the €., represents the normal strain in the X-direction, which indicates the horizontal axis
and presents the tensile and compressive cracks. The €,, The normal strains in the vertical axis represent
the localised damage from shear failure. Observing Figure 7(a) to (e), it can be observed that the €, strains
drastically reduce with the increase in GO percentage in the beams. The crack width and length drastically
reduce at the tension face at 0.08% GO, indicating tensile capacity enhancement of the concrete composite.
Observing the ¢, strains (8(a) to (e)), under the impact, the beams with no GO or lower GO percentage
(0.02%), shear failure is observed. During the experiment, the beams CM-0 (0% GO) and CM-1 (0.02%
GO) underwent heavy shear failure with large localised damage at the impact location. However, shear
failure is not observed with an increase in GO percentage, and the failure mechanism transitions to flexural
failure.



(a) CM-01 and CM-02 (0% GO) (a) CM-01 and CM-02 (0% GO)
(b) CM-11 and CM-12 (0.02% GO) (b) CM-11 and CM-12 (0.02% GO)
(c) CM-21 and CM-22 (0.04% GO) (c) CM-21 and CM-22 (0.04% GO)
(d) CM-31 and CM-32 (0.06% GO) (d) CM-31 and CM-32 (0.06% GO)
(e) CM-41 and CM-42 (0.08% GO) (e) CM-41 and CM-42 (0.08% GO)
Figure 7: Strain (£xx) DIC Contour Figure 8: Strain (&,,) DIC Contour
4 Conclusion

This study investigated the effects of incorporating varying dosages of graphene oxide (0.02 — 0.08 wt%) in
reinforced concrete beams under low-velocity vertical impact loadings. It was shown that with the addition
of GO, the static mechanical strength of concrete in terms of compression and tensile capacity increased.
This favourable increase in strength was beneficial in impact mitigation, where a reduction of 16.3% was
observed for the case with 0.08% graphene oxide. Furthermore, due to the chemical properties and reaction
with calcium silicate and the formation of crystals, the failure mode of the beams with increasing graphene
oxide content eliminated shear failure in the beam. Thus, Graphene Oxide can be used as a nano-particle
additive to enhance reinforced concrete structures and improve their overall performance for impact
damage. This can be highly beneficial in protective structures.



5 References

Anil, O. et al., 2016. Experimental and numerical investigation of reinforced concrete beams with variable material
properties under impact loading. Construction and Building Materials, 125, pp.94—104.

Blaber, J., Adair, B. and Antoniou, A., 2015. Ncorr: Open-Source 2D Digital Image Correlation Matlab Software.
Experimental Mechanics, 55(6), pp.1105-1122.

Devi, S.C. & Khan, R.A., 2019. Effect of graphene oxide on mechanical and durability performance of concrete. Journal
of Building Engineering, 27, p.101007.

Dong, Y. and Pan, B., 2017. A Review of Speckle Pattern Fabrication and Assessment for Digital Image Correlation.
Experimental Mechanics, 57(8), pp.1161-1181.

Fujikake, K., Li, B. & Soeun, S., 2009. Impact response of reinforced concrete beam and its analytical evaluation. Journal
of Structural Engineering, 135(8), pp.938-950.

Hao, Y., Hao, H. & Chen, G., 2014. Experimental investigation of the behaviour of spiral steel fibre reinforced concrete
beams subjected to drop-weight impact loads. Materials and Structures, 49(1-2), pp.353-370.

Kammers, A. and Daly, S., 2011. Small-scale patterning methods for digital image correlation under scanning electron
microscopy. Measurement Science and Technology, 22(12), p.125501.

Long, W.-J. et al., 2017. Dynamic mechanical properties and microstructure of graphene oxide nanosheets reinforced
cement composites. Nanomaterials, 7(12), p.407.

Lv, S. et al., 2013. Effect of graphene oxide nanosheets on the structure and properties of cement composites.
Handbook of Graphene, pp.43-78.

Mohotti, D. et al., 2022. Abrasion and Strength of high percentage Graphene Oxide (GO) Incorporated Concrete,
Electronic Journal of Structural Engineering, 22(01), pp. 37—43.

Tachibana, S., Masuya, H. & Nakamura, S., 2010. Performance based design of reinforced concrete beams under
impact. Natural Hazards and Earth System Sciences, 10(6), pp.1069-1078.

Tong, T. et al., 2015. Investigation of the effects of graphene and graphene oxide nanoplatelets on the micro- and
macro-properties of cementitious materials. Construction and Building Materials, 106, pp.102—114.

Wang, W. & Chouw, N., 2017. The behaviour of coconut fibre reinforced concrete (CFRC) under impact loading.
Construction and Building Materials, 134, pp.452—461.

Wang, Z. et al., 2021. Flexural behavior of carbon fiber-reinforced concrete beams under impact loading. Cement and
Concrete Composites, 118, p.103910



