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1. Introduction

Blasting and explosive events can be a result of unintentional accidents or human negligence,
or intentional actions such as terrorist attacks. Terrorists use explosions in several forms such as car
bombs, hand grenades, or even package deliveries. The immediate blast can cause casualties to people
and also create additional hazards from airborne dust, flying debris, and surface contamination. To
prevent damage and protect people, blast resistance structures are essential.

Cement materials are the most commonly used construction material worldwide due to their
cost effectiveness, availability and excellent mechanical properties. However, there is also a drawback
in these properties in terms of the brittleness and poor tensile strength. To improve the brittleness,
short fibers can be randomly incorporated into the concrete mix which can improve the mechanical
properties and toughness of cement-based materials [1]-[10], as well as improve several other
properties such as fire resistance [11], durability [12], or microparticle infiltration ability [13]. In the
case of impact loading or blast resistance, fiber reinforced concrete (FRC) has proven to be superior
to plain concrete [14]-[23]. Nis et al. [24][25] indicated that the addition of short and long steel fibers
at 1% by volume fraction enhanced the impact energy absorption of concrete by 20.5 and 64 times,
respectively. This is due to the fiber bridging effect at crack surfaces, fiber reinforcement is effective
in improving the energy absorption capacity of concrete under impaction [26].

Recently, the application of micro and nanomaterials as an additive to enhance material
properties has grown in popularity. Their applications are widely accepted in several fields such as
food production [27], medical and biomedical applications [28][29], and the environment [30][31]. In
the case of construction materials, additive materials in form of micro and nanomaterials have also
been widely adapted to enhance properties of cement and concrete. For example, carbon nanotubes
to enhance mechanical and electrical resistivity properties [32]-[35], pozzolanic materials to improve
cement microstructure and related properties [36]-[39], phase change materials to improve thermal
properties [40]-[45], graphene oxide to improve bond strength of FRC [46][47], viscoelastic polymer
to increase damping and reduce vibration in concrete structures [48], and nano-silica to improve
durability [49], bond strength [50], and mechanical performance [51].

Graphene oxide (GO) is a type of nanomaterial made from a compound of carbon, oxygen, and
hydrogen in variable ratios, it is obtained by treating graphite with strong oxidizers and acids to resolve
extra metals. The microstructure of graphene oxide is commonly found to be a single layer sheet of
the carbon atom in 2-dimensions. It exhibits high specific surface area and excellent mechanical,
thermal, and electrical conductivity properties [52][53]. Previous studies have indicated that the
application of GO in cement mortar can lead to improvements in mechanical and physical properties
of cement composite [54]. However, there was a drawback due to its high specific surface area — the
strong van der Waals force between the graphene sheets, and also the hydrophobic nature, made it
difficult to obtain uniform dispersion of GO in the concrete [54][55]. To fully utilize GO benefits in
cement, several dispersion techniques have been attempted. Jing et al. [56] employed a direct mixing
process with GO content of 0.4 wt% which led to a decrease in flowability. Li et al. [57] used the
technique for dispersion of graphene in water with the ultrasonication process. They found that a
small dosage of GO can enhance both compressive and flexural strength of cement mortar. The
nanoparticle filling effect of GO caused a decrease in porosity, an increase in density, and an
improvement in restraining crack propagation [58]-[60]. Also, the large specific surface area helped
improve internal contact and friction in the cement matrix [61][62].

In the case of impact or blast loading, there are a number of studies on the effect of GO on
concrete or FRC subjected to impact or high strain rate of loading. For example, Dong et al. [54]
investigated impact resistance of concrete mixed with graphene nanoplate and found that the
samples with graphene nanoplate exhibited less damage from impact loading than the samples
without. Wang et al. [63] and Li et al. [64] used a Split Hopkinson Pressure bar (SHP) to investigate the
dynamic response of cement mortar mixed with GO. They found an increase in dynamic factor, and
compressive and splitting tensile strengths in the samples with GO.
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Based on the above literature review, even though there are a number of studies investigating
the ability of GO in enhancing properties of cement material under high rates of loading, none have
carried out tests with the actual explosive materials like Trinitrotoluene (TNT). This research aims to
investigate the effect of GO on the blast resistance of FRC using TNT detonated under non-contact
conditions. Four types of specimens were prepared, plain mortar (M), mortar mixed with graphene
(MG@G), fiber reinforced mortar (FRM), and FRM mixed with GO (FRMG). The blast loading test was
carried out under a non-contact TNT detonating condition. The investigation also included assessing
basic mechanical properties such as compressive and flexural strength, and also microstructure using
SEM and XRD. The results were analyzed and discussed in terms of failure pattern and level of
protection due to blast resistance.

2. Experimental procedure
2.1 Materials

Materials used in this study consisted of Portland cement (ASTM C315), fine aggregate from
local river sand with a particle size of 1.19-0.30 mm and size distribution as shown in Figure 1, clean
tap water, and steel fiber (hooked-end type) with properties given in Table 1.

The GO was manufactured and produced at the Smart Materials Research and Innovation Unit
(SMRIU) at King Mongkut's Institute of Technology Ladkrabang (KMITL) [65]. To prepare the GO
solution, the oxidizing graphite was dissolved with a strong acid and oxidizing agent by the modified
Hummer’s method [66]. In the synthesizing process, the KMnO4and graphite powder were mixed in a
beaker and cooled to 0°C for 10 min. Then, the H,SO, was added while the temperature was
maintained at below 15°C. Next, the distilled water was slowly added and stirred, and the temperature
was slowly increased up to 95°C over a 60-minute time frame. After the chemical reaction completed,
the distilled and H,O, solution was added until the solution color changed to yellow-brown.
Centrifugation was used to separate the GO nanosheets and sulphate was removed by washing it with
HCl solution. In the purifying process, the GO nanosheets were filtered and washed several times with
the distilled water until the pH level reached 7. The GO nanosheets obtained after purification were
dried in an oven at 65°C for 24 hours. Before mixing with the mortar, the GO nanosheets powder was
dispersed in distilled water with ultrasonication and centrifugation for 90 minutes until the GO
solution was uniformly suspended in the solution. The properties of the GO solution are shown in
Table 2.
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Figure 1. Grain size distribution of sand
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Table 1. Properties of steel fiber

Properties Unit Description Appearance
Material - Steel
Type - Hooked-end
Length mm 35
Diameter mm 0.55
Aspect ratio - 65
Elastic modulus MPa 200,000
Tensile strength MPa 1,345
Strain at ultimate strength % 0.8

Table 2. GO solution properties

Name Graphene oxide solution (GO)

Type Aqueous suspension

Thickness Equal to Monolayer sheets of carbon (~0.34nm)
Color Brown to very dark black

Dispersibility Polar solvents (DI water)

Concentration 10 mg/mL

specific surface area
(BET surface area)
Particle size
(electron diffraction)

100-200 m%/ g

4-6 um

High mechanical strength and flexibility,

Characteristics . . .
dielectric/non-conductivity.

2.2 Mix proportions and specimen preparation

Mix proportions of plain and FRM are shown in Table 3. The water/cement ratio and
cement/sand ratio are set at 0.40 and 1:2.75, respectively. Previous research [17], [20][23] [67]
indicated that the addition of 2% of steel fibers by volume effectively improved the mechanical
properties of cement materials under impact penetration loading. Thus, the mix proportion of FRC in
this study was set at 2% by volume. For the ratio of GO solution, evidence from literature
recommended GO content not exceeding 0.1% by weight of cement [66][68]. Thus, the amount of GO
was set at 0%, 0.025%, 0.050%, 0.075% and 0.100% by weight of cement.

The specimen preparation process began with dry mixing cement and sand for 2 minutes. The
liquid part (clean water and GO solution) was mixed together prior to adding to the dry mix. For
uniformly dispersed GO, the mixing time was continued for about 3 minutes for all specimen types
until the GO was fully dispersed in the fresh mortar. In cases of FRM, the steel fiber was added to the
fresh mortar by dividing the fibers into 3 parts. Each part of fiber was distributed to the mixer and
mixed continuously for 1 min. The fresh mortar was then cast into steel molds by dividing into 3 layers,
compacted on a vibration table for 1 minute, and wrapped in plastic sheeting overnight. After 24
hours, the specimens were demolded and cured under water for 28 days.

Table 3. Mix proportion

GO Steel fiber | Cement ] Water ‘ Sand

Designation Description (% by weight (% by 3
(kg/m?)
of cement) volume)
M Plain mortar 0
25MG . 0.025
SOMG Plain mortar 0.050 0 580 230 1600
+ GO

75MG 0.075
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100MG 0.100
FRM Fiber reinforced 0
mortar
25FRMG 0.025
50FRMG Fiber reinforced 0.050 2
75FRMG mortar + GO 0.075
100FRMG 0.100

2.3 Experimental series

The experiment series is divided into 2 parts: 1) Physical and mechanical properties (setting
time, flow test, compressive strength, and flexural strength), and 2) Blast loading test on the selected
mix proportions. In addition, the change in microstructure due to the addition of GO was also
investigated by using scanning electron microscopy (SEM) and X-ray diffraction (XRD).

2.3.1 Setting time and flow test

Both setting time and flow are important parameters used in determining the workability of
graphene mortar. The setting time was carried out in accordance with the ASTM C807 standard using
Vicat apparatus [69]. To begin a test, fresh mortar was poured in a testing mold, a Vicat needle was
placed on the top surface and then released. The depth of penetration was observed and recorded
together with the corresponding time. Both initial and final setting times for each mortar type were
recorded.

For the flow test, the test was performed following the ASTM C230 standard using a flow table

[70]. The fresh mortar was put into a reverse cone mold and compacted in 2 layers with a tamping rod
20 times/layer. The mold was then lifted slowly and vertically to allow the mortar to flow freely. The
flow table was then raised and dropped in the vertical direction 25 times in 15 seconds. Finally, the
flow diameter was measured in four perpendicular directions and used in calculating the average
value.
2.3.2 Compressive and Flexural strength

A compressive strength test was carried out according to ASTM C39 [71] using cylindrical shaped
specimens with a diameter of 100 mm and height of 200 mm. The rate of loading was controlled at
0.25+0.05 MPa/s. For the flexural strength, the specimens were cast in a prism shape with dimensions
of 100 x 100 x 350 mm, in accordance with ASTM C1609 [72]. The rate of loading for the flexural test
was set at 0.05 mm/min with a third-point loading pattern.

2.3.3 Blast loading test

Using the results from 2.3.2, the mix proportion with the highest compressive and flexural
strengths was selected for the blasting test. The specimens were prepared in a panel form with
dimensions of 500 mm x 1000 mm and thickness of 60 mm. The panel was reinforced with 6 mm-
diameter round steel bars with 200 mm spacing as shown in Figure 2. To setup a test, a panel was
placed and secured on the steel support (Figure 3), an explosive material (Trinitrotoluene, TNT)
weighing 230 g (0.50 Ib) was placed on temporary plastic supports with three different vertical
standoff distances of 340, 400, and 460 mm (equivalent to blast incident pressure of 4090, 3094, and
2392 kPa, respectively). The antenna, used for measuring the deflection of the panel during the blast
event, was securely installed at the bottom of the slab. Before igniting the TNT, the surrounding area
was cleared and all personnel were relocated behind the bunker. An electrical detonator (electric
blasting cap) was connected to the TNT and ignited using a 12V battery. After the explosion, the
damage to the panel, permanent deflection, and maximum deflection were recorded and analyzed
[73].
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Figure 3. Blast impaction test setup (unit in mm)
4. Results and discussions
4.1 Physical and mechanical properties
4.1.1 Flowability and time of setting

The flow diameter was found to decrease with increasing GO content in both MG and FRMG, as
shown in Figure 4. Comparing between FRMG and MG at the same GO content, the FRMG exhibited
smaller flow diameter than MG because the existence of fibers interfered with workability of fresh
mortar led to the decrease in flow diameter. For effect of GO on plain mortar and FRM, the flow
diameter decreased by about 9% and 16% compared with non-GO mortar and FRM respectively.
Similar findings were also reported [74]-[76], in that the addition of GO in the mortar lead to a
decrease in workability of up to 27% due to the high specific surface area. This is because the addition
of GO increases the water requirement of the mix which led to the decrease in free water available to
mobilize the fresh mortar. In addition, the hydrophilic functional group and agglomeration of GO
trapped the free water in the fresh cement matrix and reduced workability [77]-[80].

For the setting time, the addition of GO led to a slight decrease in initial and final setting times
for both MG and FRMG (Figure 5). Wang [81] found that the addition of GO can accelerate the early
stage of the hydration reaction due to the filling and nucleation effect of nanoparticles. The addition
of high specific surface area materials like GO also caused difficulty in achieving a uniform dispersion
in the cement matrix [62]. Comparing between MG and FRMG, the setting time of FRMG was found
to almost identical to that of MG (Figure 5a).
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4.1.2 Compressive and flexural strength

The failure pattern of MG and FRMG under the compressive and flexural tests are shown in
Figures 6 and 7. Under both compression and flexural loads, the plain mortar (M) specimens were
found to fail in a brittle failure mode with large cracks running and propagating through the specimen’s
thickness. Although GO has excellent flexibility, the addition of GO provides no improvement in the
ductility of MG as it failed under brittle mode similar to that of plain mortar (M). For FRM and FRMG,
the ductile failure patterns were characterized by large numbers of small- and micro-cracks at the
outer surface. This was due to the effect of the steel fibers bridging over the cracks, slowing down
crack propagation, and preventing the specimen’s disintegration.

100MG
(a) (b)

Figure 6. Compression failure patterns: (a) brittle and (b) ductile modes

£ MM it 7; 2

E —

it

100MG 100FRMG

(a) (b)

Figure 7. Flexural failure patterns: (a) brittle and (b) ductile

The effects of GO on compressive and flexural strength are shown in Figures 8 and 9. For both
loading types, the optimum GO content was observed to be 0.025%. The highest increase in
compressive and flexural strength of 8% and 7% was observed in 25MG. This contributed to the filling
effect and the improvement in bonding between the GO and mortar matrix [81][82].

On the other hand, the increase in GO dosage over the optimum content (0.025%) led to a
decrease in strength. This was due to an increase in specific surface area from adding GO nanoparticles
which caused difficulties in mixing and obtaining good compaction. Similarly, Qureshi et al. [83] found
that 0.02% of graphene by cement weight was optimal to give the maximum compressive and flexural
strengths, and if the addition of graphene exceeded 0.02%, the strength also decreased gradually.

In the case of FRMG, regardless of the GO content, the compressive strength of FRMG was
slightly lower than MG in all cases. This was because large numbers of fibers (at high content of 2%)



lowered the workability which caused poor compaction and high porosity [84]. The optimum GO
content for the FRMG was found to be similar to that of MG which was at 0.025%.

In the case of flexural strength, the results were the opposite of the compressive strength. The
flexural strength of FRM and FRMG was higher than that of M and MG regardless of the GO content.
This was due to the effect of fiber alignment which were mostly parallel to the stress plane when
subjected to flexural loading. Nis et al. [85] reported similarly that the fibers were more aligned and
oriented along the casting direction in the specimens with thinner sections than the specimens with

O©CoO~NOOTA~AWNE

deep sections.

Comparing between FRMG, the addition of GO at 0.025% also yielded the highest increase in
the flexural strength by about 8.22 %. This was due to better bonding between the fiber and cement

matrix as recently reported by Chindaprasirt et al. [46].
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4.1.3 Microstructure

To study the microstructure and element composition of the mortar with added GO, Scanning
Electron Microscope (SEM) and X-ray Diffractometer (XRD) analyses were carried out. The SEM results
in Figure 10 show that the addition of GO nanoparticles reduced the porosity of the mortar matrix due
to the nano-filter effect [86][88]. Wang et al. [89] showed that the addition of graphene in cement
composite can enhance the mechanical properties because nanofibers created crack bridge
resistance.

As mentioned earlier, the addition of GO at proportions higher than 0.025% of cement weight
led to strength decreases due to the difficulty in mixing and compaction. This can be supported by the
results from the SEM images in Figure 10 which showed an increasing number of large voids in the
mortar matrix when increasing the GO content higher than 0.025%.

(a) (b)

(© | (d)
Figure 10. The SEM of mortar mixed with graphene oxide (a) M, (b) 25MG, (c) 75MG, (d) 100MG

The XRD results of mortar incorporated with GO at different dosages are shown in Figure 11.
Generally, the hydration products of cement with portlandite (CH), ettringite, dicalcium silicate (CS)
and tricalcium silicate (CsS) were detected in mortar with GO dosages. As the XRD results show, the
intensity of the peak for the CH phase at position 34.2°, 47.1° and 50.1° increased with increasing GO
content indicating the ability of GO to improve cement hydration reaction [66] [83], [90]-[92]. With
the increase of hydration reaction, the C,S and CsS phases at position 29.5° increased due to the
precipitation of CH crystallites [93]. The major peak of quartz at 2-Theta of 26.7° was found in every
GO dosage, relating to the mix proportion of sand [88].
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4.2 Blast loading test

Using the results obtained from 4.1.2, the optimum GO content of 0.025% by weight of cement
was concluded for both MG and FRMG. Therefore, it was selected for the blast loading test. The test
was performed on plain mortar (M), FRM and 25FRMG to investigate the effect of GO on enhancing
blast resistance. The results were discussed in terms of failure mode and maximum deflection that
occurred during the blast event.

4.2.1 Damage patterns

The damage patterns observed in the blast loading test were found to be strongly affected by
the blasting incident pressure (i.e., standoff distance of the TNT) and the specimen types. The damage
pattern can be divided into 3 patterns: complete flexural failure, flexural cracking, and no major
damage with microcracking, as shown in Figures 12-14 and summarized in Table 4.

For the complete flexural failure mode, a large crack running through the panel’s thickness was
visibly observed on both the top and bottom surfaces. The failure is caused by a single crack
propagating from the bottom surface across the thickness to the top. The burn marks that appeared
on the top surface were a direct result of TNT exposure. The bottom surface suffered a large flexural
crack. This failure pattern was found in plain mortar (M) panels subjected to TNT at every standoff
distance (340, 400, and 460 mm) due to the brittleness and poor explosion resistance of the M
specimens. In the case of FRM panels, this failure mode was found when the TNT was placed at the
standoff distance of 340 mm which was the nearest distance and produced the strongest incident
pressure. Even though the fibers were able to enhance blast resistance, they cannot prevent a
complete flexural failure from occurring at the standoff distance of 340 mm (incident pressure of 4093
kPa).

The second failure mode was flexural cracking. In this mode, a visible crack was observed at the
bottom surface of the panel around and outside the blasting region, and there was no sign of cracks
at the top surface. This failure pattern was observed in both the FRM and FRMG which indicated the
ability of the fibers to enhance explosive resistance and prevent complete failure from occurring. This
mode was observed in FRM and 25FRMG at the standoff distance of 400 mm. At the standoff distance
of 340 mm, while the FRM specimen suffered a complete flexural failure mode, the 25FRMG only
showed flexural cracking mode. For 25FRMG to show a less severe failure mode at the highest incident
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pressure of 4093 kPa (or standoff distance of 340 mm) demonstrates the ability of GO to supplement
the blast resistance of FRM and prevent a complete flexural failure mode from occurring. Mindess [94]
and Lai [95] indicated that the addition of steel fibers improved the blast resistance of mortar because
of the fibers’ ability to restrain cracks, prevent catastrophic failure, and minimize flying fragments
from the impact load and bending fracture [8][96][99].

With the standoff distance increased to 460 mm, no major damage with microcracking failure
mode was observed in both FRM and 25FRMG. Burn marks resulting from direct exposure to the blast
loading were observed on the top surface. At the bottom surface, small microcracks were visually
observed. Since there is no evidence of cracks at the side view photo (Figure 14), this indicated that
these cracks only occurred at the surface but did not propagate through the thickness.

In addition, the ability of the fibers to enhance explosive resistance was partly due to the lesser
explosive pressure and the longest standoff distance of 460 mm.

It must be noted here that, in this study, there was no spalling of mortar fragments found in any
specimens. This was due to the nature of non-contact explosions. Unlike the contact explosion
configuration where the failure mode is often accompanied by perforation, spalling, and flying debris
[100]-[104], the non-contact explosion type is less severe.

T s

v c) Side
Figure 12. Complete flexural failure pattern

Figure 13. Flexural cracking pattern
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c) Side
Figure 14. No major damage with microcracking pattern

Table 4. Damage patterns

Standoff distance

Blast cases Type Damage pattern
M-R340 340 Complete flexural failure
M-R400 Plain mortar (M) 400 Complete flexural failure
M-R460 460 Complete flexural failure
FRM-R340 340 Complete flexural failure

Fiber reinforced
FRM-R400 mortar 400 Flexural cracking
ERM-RA60 (FRM) 460 No ma.jor damage with
microcracking

25FRMG-R340 Fiber reinforced 340 Flexural cracking
25FRMG-R400 mortar with 400 Flexural cracking

0.025%wt GO No major damage with
25FRMG-R460 (25FRMG) 460 J :

microcracking

4.2.2 Maximum and permanent deflections

Results on the maximum and permanent deflections are shown in Figure 15. In general, the
typical response of a panel subjected to blast loading includes a downward bending of the panel (to
the maximum deflection) during the blasting event and a partial rebound of the panel at the end of
the event which leaves behind a permanent deflection. On the effect of standoff distance, both
maximum and permanent deflections were found to decrease with the increasing standoff distance.
This is clearly because of the decrease in blast incident pressure (from 4090 to 2392 kPa) with the
increasing standoff distance of the TNT away from the target (from 340 to 460 mm).

Comparing between M, FRM, and 25FRMG at the same blast incident pressure, both maximum
and permanent deflections was highest in M, followed by FRM and finally 25FRMG. This showed that
steel fibers were able to increase the blast loading resistance and specimen stiffness and reduce
deflections. As for the effect of GO, comparing between FRM and 25FRMG, the maximum deflection
was found to be in a similar range when subjected to the same incident pressure. However, in the case
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of permanent deflection, 25FRMG exhibited lower permanent deflection than FRM. This is perhaps
due to the flexibility of GO and the enhanced bond strength between steel fibers and GO material
which allowed the panels to rebound back more effectively and limited the deflection of the specimen,
resulting in less permanent deflection[46].
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Figure 15. Deflection

5. Conclusions
In this study, the properties and blast resistance of steel fiber reinforced mortar incorporated with

GO at

0-0.1% were investigated. The optimum dosage of graphene oxide was determined and blast

loading test was carried out using TNT detonated under non-contact condition. Based on the obtained
experimental results, the conclusion can be summarized as follows:

The workability and setting time of mortar decreases with increasing graphene oxide dosages
due to the increase in specific surface area and the increase in hydration reaction rate from
the addition of GO nanoparticles.

The optimum GO content of 0.025% by cement weight was observed in this study for both MG
and FRMG. With GO dosages over 0.025%, the strength was found to decrease gradually.
The results from both SEM images and XRD supported the findings that the increase in
strength was due to the increase in crystallization of portlandite in the cement hydration
reaction from the addition of GO.

The results of the blast loading test demonstrated 3 damage patterns: complete flexural
failure, flexural cracking and no major damage with microcracking. The level of damage
depended strongly on the standoff distance and specimen type. At the closest standoff
distance (highest explosive pressure), both M and FRM failed under complete flexural failure
mode, while FRMG suffered less severe damage (flexural cracking). This indicated that GO was
able to enhance the blast loading of FRM.

As for the deflection, the FRMG was found to exhibit less maximum and permanent deflection
than both M and FRM. The smaller permanent deflection showed the flexibility of GO and
enhanced bond strength between fiber and mortar matrix which allowed the FRMG to
rebound more effectively, resulting in less permanent deflection.
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1. Introduction

Blasting and explosive events can be a result of unintentional accidents or human negligence,
or intentional actions such as terrorist attacks. Terrorists use explosions in several forms such as car
bombs, hand grenades, or even package deliveries. The immediate blast can cause casualties to people
and also create additional hazards from airborne dust, flying debris, and surface contamination. To
prevent damage and protect people, blast resistance structures are essential.

Cement materials are the most commonly used construction material worldwide due to their
cost effectiveness, availability and excellent mechanical properties. However, there is also a drawback
in these properties in terms of the brittleness and poor tensile strength. To improve the brittleness,
short fibers can be randomly incorporated into the concrete mix which can improve the mechanical
properties and toughness of cement-based materials [1]-[10], as well as improve several other
properties such as fire resistance [11], durability [12], or microparticle infiltration ability [13]. In the
case of impact loading or blast resistance, fiber reinforced concrete (FRC) has proven to be superior
to plain concrete [14]-[23]. Nis et al. [24][25] indicated that the addition of short and long steel fibers
at 1% by volume fraction enhanced the impact energy absorption of concrete by 20.5 and 64 times,
respectively. This is due to the fiber bridging effect at crack surfaces, fiber reinforcement is effective
in improving the energy absorption capacity of concrete under impaction [26].

Recently, the application of micro and nanomaterials as an additive to enhance material
properties has grown in popularity. Their applications are widely accepted in several fields such as
food production [27], medical and biomedical applications [28][29], and the environment [30][31]. In
the case of construction materials, additive materials in form of micro and nanomaterials have also
been widely adapted to enhance properties of cement and concrete. For example, carbon nanotubes
to enhance mechanical and electrical resistivity properties [32]-[35], pozzolanic materials to improve
cement microstructure and related properties [36]-[39], phase change materials to improve thermal
properties [40]-[45], graphene oxide to improve bond strength of FRC [46][47], viscoelastic polymer
to increase damping and reduce vibration in concrete structures [48], and nano-silica to improve
durability [49], bond strength [50], and mechanical performance [51].

Graphene oxide (GO) is a type of nanomaterial made from a compound of carbon, oxygen, and
hydrogen in variable ratios, it is obtained by treating graphite with strong oxidizers and acids to resolve
extra metals. The microstructure of graphene oxide is commonly found to be a single layer sheet of
the carbon atom in 2-dimensions. It exhibits high specific surface area and excellent mechanical,
thermal, and electrical conductivity properties [52][53]. Previous studies have indicated that the
application of GO in cement mortar can lead to improvements in mechanical and physical properties
of cement composite [54]. However, there was a drawback due to its high specific surface area — the
strong van der Waals force between the graphene sheets, and also the hydrophobic nature, made it
difficult to obtain uniform dispersion of GO in the concrete [54][55]. To fully utilize GO benefits in
cement, several dispersion techniques have been attempted. Jing et al. [56] employed a direct mixing
process with GO content of 0.4 wt% which led to a decrease in flowability. Li et al. [57] used the
technique for dispersion of graphene in water with the ultrasonication process. They found that a
small dosage of GO can enhance both compressive and flexural strength of cement mortar. The
nanoparticle filling effect of GO caused a decrease in porosity, an increase in density, and an
improvement in restraining crack propagation [58]-[60]. Also, the large specific surface area helped
improve internal contact and friction in the cement matrix [61][62].

In the case of impact or blast loading, there are a number of studies on the effect of GO on
concrete or FRC subjected to impact or high strain rate of loading. For example, Dong et al. [54]
investigated impact resistance of concrete mixed with graphene nanoplate and found that the
samples with graphene nanoplate exhibited less damage from impact loading than the samples
without. Wang et al. [63] and Li et al. [64] used a Split Hopkinson Pressure bar (SHP) to investigate the
dynamic response of cement mortar mixed with GO. They found an increase in dynamic factor, and
compressive and splitting tensile strengths in the samples with GO.
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Based on the above literature review, even though there are a number of studies investigating
the ability of GO in enhancing properties of cement material under high rates of loading, none have
carried out tests with the actual explosive materials like Trinitrotoluene (TNT). This research aims to
investigate the effect of GO on the blast resistance of FRC using TNT detonated under non-contact
conditions. Four types of specimens were prepared, plain mortar (M), mortar mixed with graphene
(MG@G), fiber reinforced mortar (FRM), and FRM mixed with GO (FRMG). The blast loading test was
carried out under a non-contact TNT detonating condition. The investigation also included assessing
basic mechanical properties such as compressive and flexural strength, and also microstructure using
SEM and XRD. The results were analyzed and discussed in terms of failure pattern and level of
protection due to blast resistance.

2. Experimental procedure
2.1 Materials

Materials used in this study consisted of Portland cement (ASTM C315), fine aggregate from
local river sand with a particle size of 1.19-0.30 mm and size distribution as shown in Figure 1, clean
tap water, and steel fiber (hooked-end type) with properties given in Table 1.

The GO was manufactured and produced at the Smart Materials Research and Innovation Unit
(SMRIU) at King Mongkut's Institute of Technology Ladkrabang (KMITL) [65]. To prepare the GO
solution, the oxidizing graphite was dissolved with a strong acid and oxidizing agent by the modified
Hummer’s method [66]. In the synthesizing process, the KMnO4and graphite powder were mixed in a
beaker and cooled to 0°C for 10 min. Then, the H,SO, was added while the temperature was
maintained at below 15°C. Next, the distilled water was slowly added and stirred, and the temperature
was slowly increased up to 95°C over a 60-minute time frame. After the chemical reaction completed,
the distilled and H,O, solution was added until the solution color changed to yellow-brown.
Centrifugation was used to separate the GO nanosheets and sulphate was removed by washing it with
HCl solution. In the purifying process, the GO nanosheets were filtered and washed several times with
the distilled water until the pH level reached 7. The GO nanosheets obtained after purification were
dried in an oven at 65°C for 24 hours. Before mixing with the mortar, the GO nanosheets powder was
dispersed in distilled water with ultrasonication and centrifugation for 90 minutes until the GO
solution was uniformly suspended in the solution. The properties of the GO solution are shown in
Table 2.

100 g
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Figure 1. Grain size distribution of sand
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Table 1. Properties of steel fiber

Properties Unit Description Appearance
Material - Steel
Type - Hooked-end
Length mm 35
Diameter mm 0.55
Aspect ratio - 65
Elastic modulus MPa 200,000
Tensile strength MPa 1,345
Strain at ultimate strength % 0.8

Table 2. GO solution properties

Name Graphene oxide solution (GO)

Type Aqueous suspension

Thickness Equal to Monolayer sheets of carbon (~0.34nm)
Color Brown to very dark black

Dispersibility Polar solvents (DI water)

Concentration 10 mg/mL

Specific surface area
(BET surface area)
Particle size
(electron diffraction)

100-200 m%/ g

4-6 um

High mechanical strength and flexibility,

Characteristics . . .
dielectric/non-conductivity.

2.2 Mix proportions and specimen preparation

Mix proportions of plain and FRM are shown in Table 3. The water/cement ratio and
cement/sand ratio are set at 0.40 and 1:2.75, respectively. Previous research [17], [20][23] [67]
indicated that the addition of 2% of steel fibers by volume effectively improved the mechanical
properties of cement materials under impact penetration loading. Thus, the mix proportion of FRC in
this study was set at 2% by volume. For the ratio of GO solution, evidence from literature
recommended GO content not exceeding 0.1% by weight of cement [66][68]. Thus, the amount of GO
was set at 0%, 0.025%, 0.050%, 0.075% and 0.100% by weight of cement.

The specimen preparation process began with dry mixing cement and sand for 2 minutes. The
liquid part (clean water and GO solution) was mixed together prior to adding to the dry mix. For
uniformly dispersed GO, the mixing time was continued for about 3 minutes for all specimen types
until the GO was fully dispersed in the fresh mortar. In cases of FRM, the steel fiber was added to the
fresh mortar by dividing the fibers into 3 parts. Each part of fiber was distributed to the mixer and
mixed continuously for 1 min. The fresh mortar was then cast into steel molds by dividing into 3 layers,
compacted on a vibration table for 1 minute, and wrapped in plastic sheeting overnight. After 24
hours, the specimens were demolded and cured under water for 28 days.

Table 3. Mix proportion

GO Steel fiber | Cement ] Water ‘ Sand

Designation Description (% by weight (% by 3
(kg/m?)
of cement) volume)
M Plain mortar 0
25MG . 0.025
SOMG Plain mortar 0.050 0 580 230 1600
+ GO

75MG 0.075
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100MG 0.100
FRM Fiber reinforced 0
mortar
25FRMG 0.025
50FRMG Fiber reinforced 0.050 2
75FRMG mortar + GO 0.075
100FRMG 0.100

2.3 Experimental series

The experiment series is divided into 2 parts: 1) Physical and mechanical properties (setting
time, flow test, compressive strength, and flexural strength), and 2) Blast loading test on the selected
mix proportions. In addition, the change in microstructure due to the addition of GO was also
investigated by using scanning electron microscopy (SEM) and X-ray diffraction (XRD).

2.3.1 Setting time and flow test

Both setting time and flow are important parameters used in determining the workability of
graphene mortar. The setting time was carried out in accordance with the ASTM C807 standard using
Vicat apparatus [69]. To begin a test, fresh mortar was poured in a testing mold, a Vicat needle was
placed on the top surface and then released. The depth of penetration was observed and recorded
together with the corresponding time. Both initial and final setting times for each mortar type were
recorded.

For the flow test, the test was performed following the ASTM C230 standard using a flow table

[70]. The fresh mortar was put into a reverse cone mold and compacted in 2 layers with a tamping rod
20 times/layer. The mold was then lifted slowly and vertically to allow the mortar to flow freely. The
flow table was then raised and dropped in the vertical direction 25 times in 15 seconds. Finally, the
flow diameter was measured in four perpendicular directions and used in calculating the average
value.
2.3.2 Compressive and Flexural strength

A compressive strength test was carried out according to ASTM C39 [71] using cylindrical shaped
specimens with a diameter of 100 mm and height of 200 mm. The rate of loading was controlled at
0.25+0.05 MPa/s. For the flexural strength, the specimens were cast in a prism shape with dimensions
of 100 x 100 x 350 mm, in accordance with ASTM C1609 [72]. The rate of loading for the flexural test
was set at 0.05 mm/min with a third-point loading pattern.

2.3.3 Blast loading test

Using the results from 2.3.2, the mix proportion with the highest compressive and flexural
strengths was selected for the blasting test. The specimens were prepared in a panel form with
dimensions of 500 mm x 1000 mm and thickness of 60 mm. The panel was reinforced with 6 mm-
diameter round steel bars with 200 mm spacing as shown in Figure 2. To setup a test, a panel was
placed and secured on the steel support (Figure 3), an explosive material (Trinitrotoluene, TNT)
weighing 230 g (0.50 Ib) was placed on temporary plastic supports with three different vertical
standoff distances of 340, 400, and 460 mm (equivalent to blast incident pressure of 4090, 3094, and
2392 kPa, respectively). The antenna, used for measuring the deflection of the panel during the blast
event, was securely installed at the bottom of the slab. Before igniting the TNT, the surrounding area
was cleared and all personnel were relocated behind the bunker. An electrical detonator (electric
blasting cap) was connected to the TNT and ignited using a 12V battery. After the explosion, the
damage to the panel, permanent deflection, and maximum deflection were recorded and analyzed
[73].
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Figure 3. Blast impaction test setup (unit in mm)
4. Results and discussions
4.1 Physical and mechanical properties
4.1.1 Flowability and time of setting

The flow diameter was found to decrease with increasing GO content in both MG and FRMG, as
shown in Figure 4. Comparing between FRMG and MG at the same GO content, the FRMG exhibited
smaller flow diameter than MG because the existence of fibers interfered with workability of fresh
mortar led to the decrease in flow diameter. For effect of GO on plain mortar and FRM, the flow
diameter decreased by about 9% and 16% compared with non-GO mortar and FRM respectively.
Similar findings were also reported [74]-[76], in that the addition of GO in the mortar lead to a
decrease in workability of up to 27% due to the high specific surface area. This is because the addition
of GO increases the water requirement of the mix which led to the decrease in free water available to
mobilize the fresh mortar. In addition, the hydrophilic functional group and agglomeration of GO
trapped the free water in the fresh cement matrix and reduced workability [77]-[80].

For the setting time, the addition of GO led to a slight decrease in initial and final setting times
for both MG and FRMG (Figure 5). Wang [81] found that the addition of GO can accelerate the early
stage of the hydration reaction due to the filling and nucleation effect of nanoparticles. The addition
of high specific surface area materials like GO also caused difficulty in achieving a uniform dispersion
in the cement matrix [62]. Comparing between MG and FRMG, the setting time of FRMG was found
to almost identical to that of MG (Figure 5a).
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4.1.2 Compressive and flexural strength

The failure pattern of MG and FRMG under the compressive and flexural tests are shown in
Figures 6 and 7. Under both compression and flexural loads, the plain mortar (M) specimens were
found to fail in a brittle failure mode with large cracks running and propagating through the specimen’s
thickness. Although GO has excellent flexibility, the addition of GO provides no improvement in the
ductility of MG as it failed under brittle mode similar to that of plain mortar (M). For FRM and FRMG,
the ductile failure patterns were characterized by large numbers of small- and micro-cracks at the
outer surface. This was due to the effect of the steel fibers bridging over the cracks, slowing down
crack propagation, and preventing the specimen’s disintegration.

100MG
(a) (b)

Figure 6. Compression failure patterns: (a) brittle and (b) ductile modes

£ MM it 7; 2

E —

it

100MG 100FRMG

(a) (b)

Figure 7. Flexural failure patterns: (a) brittle and (b) ductile

The effects of GO on compressive and flexural strength are shown in Figures 8 and 9. For both
loading types, the optimum GO content was observed to be 0.025%. The highest increase in
compressive and flexural strength of 8% and 7% was observed in 25MG. This contributed to the filling
effect and the improvement in bonding between the GO and mortar matrix [81][82].

On the other hand, the increase in GO dosage over the optimum content (0.025%) led to a
decrease in strength. This was due to an increase in specific surface area from adding GO nanoparticles
which caused difficulties in mixing and obtaining good compaction. Similarly, Qureshi et al. [83] found
that 0.02% of graphene by cement weight was optimal to give the maximum compressive and flexural
strengths, and if the addition of graphene exceeded 0.02%, the strength also decreased gradually.

In the case of FRMG, regardless of the GO content, the compressive strength of FRMG was
slightly lower than MG in all cases. This was because large numbers of fibers (at high content of 2%)



lowered the workability which caused poor compaction and high porosity [84]. The optimum GO
content for the FRMG was found to be similar to that of MG which was at 0.025%.

In the case of flexural strength, the results were the opposite of the compressive strength. The
flexural strength of FRM and FRMG was higher than that of M and MG regardless of the GO content.
This was due to the effect of fiber alignment which were mostly parallel to the stress plane when
subjected to flexural loading. Nis et al. [85] reported similarly that the fibers were more aligned and
oriented along the casting direction in the specimens with thinner sections than the specimens with
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deep sections.

Comparing between FRMG, the addition of GO at 0.025% also yielded the highest increase in
the flexural strength by about 8.22 %. This was due to better bonding between the fiber and cement

matrix as recently reported by Chindaprasirt et al. [46].
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4.1.3 Microstructure

To study the microstructure and element composition of the mortar with added GO, Scanning
Electron Microscope (SEM) and X-ray Diffractometer (XRD) analyses were carried out. The SEM results
in Figure 10 show that the addition of GO nanoparticles reduced the porosity of the mortar matrix due
to the nano-filter effect [86][88]. Wang et al. [89] showed that the addition of graphene in cement
composite can enhance the mechanical properties because nanofibers created crack bridge
resistance.

As mentioned earlier, the addition of GO at proportions higher than 0.025% of cement weight
led to strength decreases due to the difficulty in mixing and compaction. This can be supported by the
results from the SEM images in Figure 10 which showed an increasing number of large voids in the
mortar matrix when increasing the GO content higher than 0.025%.

(a) (b)

(© | (d)
Figure 10. The SEM of mortar mixed with graphene oxide (a) M, (b) 25MG, (c) 75MG, (d) 100MG

The XRD results of mortar incorporated with GO at different dosages are shown in Figure 11.
Generally, the hydration products of cement with portlandite (CH), ettringite, dicalcium silicate (CS)
and tricalcium silicate (CsS) were detected in mortar with GO dosages. As the XRD results show, the
intensity of the peak for the CH phase at position 34.2°, 47.1° and 50.1° increased with increasing GO
content indicating the ability of GO to improve cement hydration reaction [66] [83], [90]-[92]. With
the increase of hydration reaction, the C,S and CsS phases at position 29.5° increased due to the
precipitation of CH crystallites [93]. The major peak of quartz at 2-Theta of 26.7° was found in every
GO dosage, relating to the mix proportion of sand [88].



O©CoO~NOOTA~AWNE

tz

N N
5 2% t
g £lg3 - : 3 5
=N EENS) 515 S S o 1 ] ]
= o r & ) © > =)
& | 8 95 g5 S L S 100MG
> Al l A, L e M
-
2
7] j, 75MG
c e ~ M
50MG
A AAA o A 2,
25MG
M
A_AA Ala PPN W N A‘ B el M, v )

20 25 30 35 40 45 50 55 60 65 70 75 80
2 Theta (degree)

Figure 11. XRD pattern of MG

4.2 Blast loading test

Using the results obtained from 4.1.2, the optimum GO content of 0.025% by weight of cement
was concluded for both MG and FRMG. Therefore, it was selected for the blast loading test. The test
was performed on plain mortar (M), FRM and 25FRMG to investigate the effect of GO on enhancing
blast resistance. The results were discussed in terms of failure mode and maximum deflection that
occurred during the blast event.

4.2.1 Damage patterns

The damage patterns observed in the blast loading test were found to be strongly affected by
the blasting incident pressure (i.e., standoff distance of the TNT) and the specimen types. The damage
pattern can be divided into 3 patterns: complete flexural failure, flexural cracking, and no major
damage with microcracking, as shown in Figures 12-14 and summarized in Table 4.

For the complete flexural failure mode, a large crack running through the panel’s thickness was
visibly observed on both the top and bottom surfaces. The failure is caused by a single crack
propagating from the bottom surface across the thickness to the top. The burn marks that appeared
on the top surface were a direct result of TNT exposure. The bottom surface suffered a large flexural
crack. This failure pattern was found in plain mortar (M) panels subjected to TNT at every standoff
distance (340, 400, and 460 mm) due to the brittleness and poor explosion resistance of the M
specimens. In the case of FRM panels, this failure mode was found when the TNT was placed at the
standoff distance of 340 mm which was the nearest distance and produced the strongest incident
pressure. Even though the fibers were able to enhance blast resistance, they cannot prevent a
complete flexural failure from occurring at the standoff distance of 340 mm (incident pressure of 4093
kPa).

The second failure mode was flexural cracking. In this mode, a visible crack was observed at the
bottom surface of the panel around and outside the blasting region, and there was no sign of cracks
at the top surface. This failure pattern was observed in both the FRM and FRMG which indicated the
ability of the fibers to enhance explosive resistance and prevent complete failure from occurring. This
mode was observed in FRM and 25FRMG at the standoff distance of 400 mm. At the standoff distance
of 340 mm, while the FRM specimen suffered a complete flexural failure mode, the 25FRMG only
showed flexural cracking mode. For 25FRMG to show a less severe failure mode at the highest incident
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pressure of 4093 kPa (or standoff distance of 340 mm) demonstrates the ability of GO to supplement
the blast resistance of FRM and prevent a complete flexural failure mode from occurring. Mindess [94]
and Lai [95] indicated that the addition of steel fibers improved the blast resistance of mortar because
of the fibers’ ability to restrain cracks, prevent catastrophic failure, and minimize flying fragments
from the impact load and bending fracture [8][96][99].

With the standoff distance increased to 460 mm, no major damage with microcracking failure
mode was observed in both FRM and 25FRMG. Burn marks resulting from direct exposure to the blast
loading were observed on the top surface. At the bottom surface, small microcracks were visually
observed. Since there is no evidence of cracks at the side view photo (Figure 14), this indicated that
these cracks only occurred at the surface but did not propagate through the thickness.

In addition, the ability of the fibers to enhance explosive resistance was partly due to the lesser
explosive pressure and the longest standoff distance of 460 mm.

It must be noted here that, in this study, there was no spalling of mortar fragments found in any
specimens. This was due to the nature of non-contact explosions. Unlike the contact explosion
configuration where the failure mode is often accompanied by perforation, spalling, and flying debris
[100]-[104], the non-contact explosion type is less severe.

T s

v c) Side
Figure 12. Complete flexural failure pattern

Figure 13. Flexural cracking pattern
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c) Side
Figure 14. No major damage with microcracking pattern

Table 4. Damage patterns

Standoff distance

Blast cases Type Damage pattern
M-R340 340 Complete flexural failure
M-R400 Plain mortar (M) 400 Complete flexural failure
M-R460 460 Complete flexural failure
FRM-R340 340 Complete flexural failure

Fiber reinforced
FRM-R400 mortar 400 Flexural cracking
(FRM) No major damage with
FRM-R460 460 . .
microcracking
25FRMG-R340 Fiber reinforced 340 Flexural cracking
25FRMG-R400 mortar with 400 Flexural cracking
0.025%wt GO No major damage with
25FRMG-R460 (25FRMG) 460 ) 8

microcracking

4.2.2 Maximum and permanent deflections

Results on the maximum and permanent deflections are shown in Figure 15. In general, the
typical response of a panel subjected to blast loading includes a downward bending of the panel (to
the maximum deflection) during the blasting event and a partial rebound of the panel at the end of
the event which leaves behind a permanent deflection. On the effect of standoff distance, both
maximum and permanent deflections were found to decrease with the increasing standoff distance.
This is clearly because of the decrease in blast incident pressure (from 4090 to 2392 kPa) with the
increasing standoff distance of the TNT away from the target (from 340 to 460 mm).

Comparing between M, FRM, and 25FRMG at the same blast incident pressure, both maximum
and permanent deflections was highest in M, followed by FRM and finally 25FRMG. This showed that
steel fibers were able to increase the blast loading resistance and specimen stiffness and reduce
deflections. As for the effect of GO, comparing between FRM and 25FRMG, the maximum deflection
was found to be in a similar range when subjected to the same incident pressure. However, in the case
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of permanent deflection, 25FRMG exhibited lower permanent deflection than FRM. This is perhaps
due to the flexibility of GO and the enhanced bond strength between steel fibers and GO material
which allowed the panels to rebound back more effectively and limited the deflection of the specimen,
resulting in less permanent deflection[46].

Deflection (mm)
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Figure 15. Deflection

5. Conclusions
In this study, the properties and blast resistance of steel fiber reinforced mortar incorporated with

GO at

0-0.1% were investigated. The optimum dosage of graphene oxide was determined and blast

loading test was carried out using TNT detonated under non-contact condition. Based on the obtained
experimental results, the conclusion can be summarized as follows:

The workability and setting time of mortar decreases with increasing graphene oxide dosages
due to the increase in specific surface area and the increase in hydration reaction rate from
the addition of GO nanoparticles.

The optimum GO content of 0.025% by cement weight was observed in this study for both MG
and FRMG. With GO dosages over 0.025%, the strength was found to decrease gradually.
The results from both SEM images and XRD supported the findings that the increase in
strength was due to the increase in crystallization of portlandite in the cement hydration
reaction from the addition of GO.

The results of the blast loading test demonstrated 3 damage patterns: complete flexural
failure, flexural cracking and no major damage with microcracking. The level of damage
depended strongly on the standoff distance and specimen type. At the closest standoff
distance (highest explosive pressure), both M and FRM failed under complete flexural failure
mode, while FRMG suffered less severe damage (flexural cracking). This indicated that GO was
able to enhance the blast loading of FRM.

As for the deflection, the FRMG was found to exhibit less maximum and permanent deflection
than both M and FRM. The smaller permanent deflection showed the flexibility of GO and
enhanced bond strength between fiber and mortar matrix which allowed the FRMG to
rebound more effectively, resulting in less permanent deflection.
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Table 1. Properties of steel fiber

Table 2. GO solution properties
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Figure 6a. Compression failure patterns: (a) brittle and (b) ductile modes



Figure 7a. Flexural failure patterns: (a) brittle and (b) ductile

Figure b. Flexural failure patterns: (a) brittle and (b) ductile
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Figure 10c. The SEM of mortar mixed with graphene oxide (a) M, (b) 25MG, (c) 75MG, (d) 100MG



Figure 10d. The SEM of mortar mixed with graphene oxide (a) M, (b) 25MG, (c) 75MG, (d) 100MG
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Figure 13c. Flexural cracking pattern
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is necessary to express the amount of specific
surface area of GO in a table showing the
physical properties of GO.

3. | In sec. 2.1, It is important for the reader to | More information of GO properties have
know what is the density of GO, so its | been added to Table 2 as suggested by the
inclusion in the above Table seems necessary. | reviewer.

The physical properties table should include
diameter, density, specific surface area, ...etc.

4. | In p.5 sec. 2.2, What standard has been used | The standard for classifying granulation of
for sand? what is the lower and upper limits | sand is ASTM D 2487. “Sand” is the material
granulation for sand? passing a 4.75-mm sieve (No. 4) and retained

on a 0.075-mm (No. 200) sieve. For more
information, the grain size distribution of
sand is added to Figure 1 in the manuscript.

5. | Inp.9, line 1, separate the term "MGwhich". | Corrected as suggested by the reviewer.

6. | In p. 12 line 14, replace the word "cement" | Corrected as suggested by the reviewer.
with the "mortar" in the following sentence.

..... there was no spalling of "cement"
fragments found......

7. | In p. 15 line 6, add "to" before the "Lt. Col. | Corrected as suggested by the reviewer.
Amornthep somrat"

Reviewer#3
No. Reviewer’s comments Author response
1. | In Page 2, Line 33-35. 'The optimum GO | The sentence was rewritten as follow:

content giving the highest compressive and
flexural strengths was determined and
chosen to continue on to the blast loading
tests.' This sentence is not clear. Please
rewrite the sentence

A series of experiments were carried out
consisting of 2 stages: Stage 1) workability,
setting time, compressive and flexural
strength, and microstructure using SEM and
XRD processes, and Stage 2) blasting loading
test. The optimum GO dosage giving the
highest compressive and flexural strengths
from the 1% stage was determined and
chosen to continue on the 2" stage (blast
loading test).




Page 3 Lines 7-14. 'In the case of impact
loading, FRC material has proven to be
superior to plain concrete'. Please give the
enhancement ratio for the impact resistance
and energy. The below studies gives the ratio
for the enhancements for the FRC in impact
performance.

-Effects of recycled tyre rubber and steel fibre
on the impact resistance of slag-based self-
compacting alkali-activated concrete

-Effects of nanosilica and steel fibers on the
impact resistance of slag based self-
compacting alkali-activated concrete

Thank for your recommendation the
following sentences were added to the
introduction part.

Nis et al. [24-25] indicated that the addition
of short and long steel fibers at 1% by volume
fraction enhanced the impact energy
absorption of concrete by 20.5 and 64 times,
respectively.

Page 3 Lines 18-26. Please add nanosilica
material to give examples for the concrete
performance enhancements. Nanosilica is
the one of the most used nanomaterial for
the concrete production. Nanosilica improves
durability resistance (a), bond strength (b),
and fresh and hardened state performance
(c).

a- Effect of nano-silica on the chemical
durability and mechanical performance of fly
ash based geopolymer concrete

b- Development of fly ash/slag based self-
compacting geopolymer concrete using
nano-silica and steel fiber

c-Fresh and hardened state performance of
self-compacting slag based alkali activated
concrete using nanosilica and steel fiber

Thank you for your recommendation, the
recommended articles are referred in the
manuscript.

and nano-silica to improve durability [49],
bond strength [50], and mechanical
performance [51].

In Table 3, why the OPC amount was selected
so high as 580 kg/m3? If the 340 or 400 kg/m3
binder content was utilized, which results will
be influenced? Please explain.

The cement content was selected based on
the required compressive strength. Since the
target compressive strength of plain mortar
was set at 30 MPa, the cement content was
selected at 580 kg/m3.

As for your question, if the amount of cement
is reduced to 340-400 kg/m3 , which results
will be influenced. In term of mechanical
performance, the reduction of cement
content could cause the compressive and
flexural strengths to decrease. Subsequently,
this will also lead to the reduction in the
performance of FRC under blast loading test.

Page 6. '"The rate of loading for the flexural
test was set at 0.05 mm/min with a third-
point loading pattern." The loading type is
displacement-controlled? Why the notched
beams are not utilized for the flexural
strength?

In our study, the flexural test was performed
in according to ASTM C1609 Flexural Testing
of Fiber-Reinforced Concrete Beams which is
a common test to access the performance of
FRC under flexural load. It is capable of
determining flexural strength, toughness,




and residual strength. The standard does not
require to test on a notched beam.

In Figs. 3 and 4., flow diameter and setting
time for the non-fibrous mixes were given.
Please add the results of mixes including 2%
steel fibers.

We have added the results on flow diameter
and setting time for FRM in Figures 4 and 5.

In Page 7, 'The addition of high specific
surface area materials like GO also caused
difficulty in achieving a uniform dispersion in
the cement matrix'. When both 2% steel
fibers and GO materials were included, how
the uniform dispersion of the fibers
controlled? Please explain.

The uniform distribution is performed by
increasing mixing time and dividing fibers into
small portions as follow:

The specimen preparation process began
with dry mixing cement and sand for 2
minutes. The liquid part (clean water and GO
solution) was mixed together prior to adding
to the dry mix. For uniformly dispersed GO,
the mixing time was continued for about 3
minutes for all specimen types until the GO
was fully dispersed in the fresh mortar. In
cases of FRM, the steel fiber was added to
the fresh mortar by dividing the fibers into 3
parts. Each part of fiber was distributed to
the mixer and mixed continuously for 1 min.
The fresh mortar was then cast into steel
molds by dividing into 3 layers, compacted
on a vibration table for 1 minute, and
wrapped in plastic sheeting overnight. After
24 hours, the specimens were demolded and
cured under water for 28 days.

In Page 8, 'For both loading types, the
optimum GO content was observed to be
0.025%."' What can be reason the reduction in
the mechanical strengths for the higher usage
like 0.1%? If the reason is the difficulty in
mixing and good compaction, why
superplasticizer is not utilized?

Thank you for the comment, in our study, we
didn’t use superplasticizer because the
content of superplasticizer will have to be
varied in wide ranges and it might provide
undesired effects to the properties of MG and
FRMG.

However, there are some studies where
superplasticizer was used and still, the
compressive and tensile strengths was found
to decrease at GP content of 0.1%,

S. Sharma et al. [1] reported that the
compressive and tensile strength decreased
with an increasing GP content to 0.1% with
the increasing dosage of superplasticizer.
They are giving the reason that “the high
concentration of GO is difficult to disperse
and does not produce C-H crystals at same
rate as when present in dispersed state”.

[1] S. Sharma, D. Susan, N. C. Kothiyal, and R.
Kaur, “Graphene oxide prepared from
mechanically milled graphite: Effect on




strength of novel fly-ash based cementitious
matrix,” Constr. Build. Mater., vol. 177, pp.
10-22, 2018, doi:
10.1016/j.conbuildmat.2018.05.051.

In Page 9, 'This was because large numbers of
fibers (at high content of 2%) lowered the
workability which caused poor compaction
and high porosity.' For the study, please add
the workability results for the FRC mixes.

The workability results in term of flow
diameter of FRC mixes were added in Figure
4 as suggested by the reviewer.

10.

'In the case of flexural strength, the results
were the opposite of the compressive
strength. The

flexural strength of FRM and FRMG was
higher than that of M and MG regardless of
the GO content.

This was due to the effect of fiber alignment
which were mostly parallel to the stress plane
when

subjected to flexural loading.' Please support
the sentence literature findings about the
influence of fiber orientation on the flexural
strength.

- Variation of flexural performance
parameters depending on specimen size and
fiber properties

The recommended article is added to the
manuscript to support the finding as follow.

Nis et al. Error! Reference source not found.
reported similarly that the fibers were more
aligned and oriented along the casting
direction in the specimens with thinner
sections than the specimens with deep
sections.

11.

In Figure 12, from side view (c), there are
some visible cracks formed at the outside the
blast region. Please mention about this.

We have mentioned this in the revised
manuscript.

12.

In Fig. 13, bottom view, there are visible
cracks also formed at bottom of the
specimens. Especially, three big cracks are
localized at the bottom releasing the stress
where high tensile stresses are available.
Please explain this clearly since no damage is
written below the Figures.

The small cracks were mentioned in the
revised manuscript. Since the cracks are quite
small (as compared to the first 2 modes), they
only occurred at the surface and did not
propagate through the thickness (no visible
crack along the thickness from the side view
of Figure 14), we would like to call them
‘microcrack’.

At the bottom surface, small microcracks
were visually observed. Since there is no
evidence of cracks at the side view photo
(Figure 14), this indicated that these cracks
only occurred at the surface but did not
propagate through the thickness.

13.

'However, in the case of permanent
deflection, 25FRMG  exhibited lower
permanent deflection than FRM. This is
perhaps due to the flexibility of GO which
allowed the panels to rebound back more
effectively, resulting in less permanent
deflection." Another reason can be the
enhanced bond strength of specimens with

Revised as suggested by the reviewer.

This is perhaps due to the flexibility of GO and
the enhanced bond strength between steel
fibers and GO material which allowed the
panels to rebound back more effectively and
limited the deflection of the specimen,
resulting in less permanent deflection[46].




steel fibers and GO material, limiting the
deflection of the specimens.

14. | In conclusion, please remove ' *blast | Corrected as suggested by the reviewer.
resistance'

15. | In conclusion, 'no damage' may be changed | Changed the word “no damage” to “no major
as less damage due to the existence of | damage with microcracking”.
flexural cracks at bottom portion.

16. | Before the conclusion points, please give the | Revised as suggested by the reviewer.

short summary of the study and explain what
is GO used in the study.
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Highlights
e Workability and setting time decreased with the increasing graphene oxide content.
e The optimum graphene oxide content was observed at 0.025% by cement weight.
e The decrease in voids was observed in mortar incorporating GO.
e GO enhanced blast resistance of FRM as seen by less damage and less permanent deflection.
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