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Experimental study of impact 
mechanical and microstructural 
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This paper investigated the preparation method and the dispersion behaviour of Modified Carbon 
Nanotube-fiber Reinforcements (MCNF), the change laws and the effect mechanisms of dynamic 
compressive strength of MCNF concretes. Electrophoresis method was used to prepare MCNF and 
its interfacial shear performance was tested by interfacial shear strength (IFSS) test. In addition, 
the dispersion behavior of MCNF in simulated concrete solution was verified by turbidity method. 
Split Hopkinson Pressure Bar (SHPB), Scanning Electron Microscope (SEM) and Mercury Intrusion 
Porosimetry (MIP) tests were carried on concrete samples with different volume fractions (0%, 0.1%, 
0.2%, 0.3%, 0.4%) of MCNF. The results show that carbon nanotubes are easier to deposit to the 
negative electrode, and the higher the content of polycarboxylate superplasticizer, the more obvious 
the dispersity of MCNF in alkaline environment. The dynamic compressive strength of MCNF concrete 
was 14.0–35.5% higher than that of untreated concrete, and reached the maximum when the MCNF 
content was about 0.3%. The MCNF was wrapped in concrete matrix and promoted hydration reaction 
of interface between cement and MCNF from microscopic observation. The addition of MCNF could 
increase the porosity. The volume percentage of ≥ 100 nm pore decreased first and then increased. 
Reasons for the improvement strength of MCNF concrete is that the bridging effect is stronger with 
the increase of MCNF content (≤ 0.3%) and limited when the MCNF content is equal to 0.4%. MCNF 
concrete could be used in actual engineering with high requirements for dynamic load.

Nearly all construction buildings suffer dynamic loads, such as wind load, earthquake load and violent collision. 
The impact load of weapon explosion has been considered in structural design of military protection facilities, 
underground command posts and other national defense projects. Concrete is the primary material used in the 
design and construction of civil architecture and national defense engineering. Therefore, how to effectively 
improve the dynamic impact mechanical properties of concrete has become the focus and hotspot of the research 
and development of concrete materials. In this regard, carbon fiber, steel fiber and synthetic fiber are tradition-
ally used to improve the tensile strength and ductility of concrete1. On the other hand, scholars have carried out 
extensive studies on the mechanical properties of various fiber reinforced concrete, such as steel fiber reinforced 
concrete2–7, basalt fiber reinforced concrete8–10, carbon fiber reinforced concrete11–16, and polyethylene fiber rein-
forced concrete17,18. Fiber-modified concrete has become one of the development trends of concrete in the future.

Comparatively speaking, carbon fiber and steel fiber reinforced concrete are the most widely studied and used 
at present. Though the effect of steel fiber on the mechanical properties of concrete is obvious, the utilization of 
steel fiber is limited to a certain extent due to its high self-weight and corrosion tendency. In contrast, carbon 
fiber not only has the advantages of high tensile strength, large elastic modulus and strong toughness, but also 
has excellent electrical and thermal conductivity, wear resistance and corrosion resistance. Taking the advantages 
of its high strength, light weight, corrosion resistance, fatigue resistance and excellent high-temperature stability, 
when mixed into concrete, it can not only enhance the strength and resist cracking, but also endow concrete 
with intelligent functions, such as electric conductivity, pressure sensitivity, temperature sensitivity, and electro-
magnetic shielding19. Therefore, it is widely used by the civil engineering community. This paper found that the 
traditional carbon fiber reinforced concrete has some shortcomings, such as poor surface interfacial properties 
and weak adhesion with the cement matrix. Under heavy loads, carbon fiber and concrete matrix are prone to 
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slip failure, which affects the macroscopic mechanical properties of carbon fiber reinforced concrete, and has 
become one of the main factors restricting the development of carbon fiber reinforced concrete.

MCNF is a kind of carbon fiber material. Carbon nanotubes have a unique one-dimensional tubular structure 
with high strength and toughness. Its Young’s modulus is estimated to be 5 TPa theoretically, and the measured 
value is 1.8 TPa through laboratory tests, besides, its tensile strength is 100 times that of ordinary steel20. The 
combination of carbon fibers and carbon nanotubes can effectively overcome the shortcomings of poor surface 
interfacial properties and weak adhesion with the cement matrix, making them a hotspot in the field of novel 
material research21. The current studies on the preparation of MCNF are mature, and the main preparation 
methods include chemical grafting22, electrophoretic deposition23, CVD24, sizing25, etc. MCNF is currently still 
mainly used for research, which is seldom applied, let alone its application in concrete. And the research on the 
explosive impact resistance of concrete is even rarer. Due to its strain rate sensitivity, the mechanical properties 
of concrete material under dynamic loads differ from those under static loads26. Therefore, it is necessary to study 
the dynamic mechanics of MCNF concrete.

MCNF was prepared by using electrophoretic deposition method, and its interfacial shear performance was 
tested by interfacial shear strength test. The dispersion ability of MCNF was verified based on turbidimeter 
method. In addition, the effect of MCNF content and impact velocity on the failure patterns, dynamic compres-
sive strengths of MCNF concrete was studied through SHPB tests. The microstructure and pore distribution of 
MCNF concrete were examined by SEM and MIP tests separately. And the modification mechanisms of MCNF 
concrete were deeply analyzed. All results are of theoretical significance for engineering design and construction 
with high requirements for dynamic load.

Materials and methods
Test materials.  The carbon fiber used (T700SC-1000-50C) and the carbon nanotube (XFM06) were taken 
from Toray Industries of Japan and Nanjing Xianfeng Nanomaterials Technology Co. Ltd. of China, respectively. 
The main parameters of both products are shown in Tables 1 and 2, respectively. The cement used (P.O 42.5) and 
polycarboxylic water reducer of concrete were obtained from Conch Cement Co., Ltd. and Hunan Zhongyan 
Technology Co., Ltd. of China, respectively. The used sands and stones of concrete were from Bahe River of 
China, and the sands were in medium size with the fineness modulus of 2.7.

Test Methods.  Preparation and verification of MCNF.  MCNF is prepared by electrophoresis. Electropho-
resis refers to the phenomenon that the charged particles move towards the electrode opposite to their electrical 
properties under the action of electric field. The electrophoresis equipment used is composed of a DYY-8C pow-
er supply from Beijing LIUYI Biotechnology Co., Ltd. and a self-made electrophoresis tank. The turbidimeter 
used (SGZ-200BS) is produced by Shanghai Yuefeng Instrument Co., LTD. of China.

The specific preparation process of MCNF is described as follows. Firstly, remove surface sizing of carbon 
fibers by soaking them in acetone for 48 h, and then clean them in 200 ml alcohol for three times and in 200 ml 
deionized water for another three times. Dry them to constant weight at 60 ℃ before cooling them down to 
room temperature. Add carbon nanotubes (0.375 g) to cetyl trimethyl ammonium bromide (CTAB) solutions 
(0.00092 mol/l, 250 ml) under the dispersion by ultrasonic waves for 2 h. The electrophoresis tests were conducted 
with carbon fiber as the positive or negative electrode, and the stain less steel sheet as the other electrode. The 
voltage was set to 60 V, and the electrophoresis duration was 1 h23.

Turbidity is used to indicate the dispersion degree of MCNF. It refers to the obstruction degree of the solu-
tion to the passage of light, including the scattering of light by suspended solids and the absorption of light by 
solute molecules. The specific verification process of dispersive behaviour of MCNF is described as follows. 
Add MCNFs (6 mm long) and polycarboxylic water reducers (20 ml, set concentration) into saturated calcium 
hydroxide (10 ml), and oscillate the mixture for 3 Min. by magnetic oscillator equipment. Finally, the turbidity 
of mix solution was obtained by turbidimeter27.

Interfacial shear strength (IFSS) test.  In order to verify the preparation effect of MCNF better, the interfacial 
shear strength test of carbon fiber and MCNF was carried out. First, a single carbon fiber was taken out from 
the carbon fiber bundle, fixed on a concave metal plate with double-sided tape, and then the uncured polymer 
matrix was slightly contacted with the fiber surface with a metal needle. The polymer matrix forms oval droplets 
on the fiber surface, as shown in Fig. 1.

Table 1.   Main parameters of carbon fiber.

Tensile strength Tensile modulus Elongation value Density Diameter Sizing agent

4900 Mpa 230 Gpa 2.1% 1.76 g/cm3 7 μm 50C 1.0%

Table 2.   Main parameters of carbon nanotubes.

Outer diameter Length Purity Carboxylated content Specific surface area Tap density

5–15 nm 0.5–2 μm ≥ 95% 3.86 g/cm3 > 200 m2/g 0.27 g/cm3
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After the droplet matrix was completely solidified, the metal sheet was fixed in the center of a pair of sym-
metrical blades of the interfacial strength evolution instrument, and then a uniform load was applied to one end 
of the fiber until the fiber was pulled out from the droplet, and the pulling force-time curve was recorded. The 
fiber is pulled out, and the maximum tensile load during the pull-out process is obtained. The interface bond 
strength value between the monofilament carbon fiber and the resin matrix can be calculated according to the 
following formula:

where IFSS refers to the interfacial shear strength, Fmax refers to the maximum load when the carbon fiber is 
peeled off, df refers to the diameter of the carbon fiber, Le refers to the length of carbon fiber wrapped in vertical 
ball.

Preparation of MCNF concrete.  The mix ratio of concrete is shown in Table 3. Firstly, mix sands and stones, and 
add cements. Secondly, add a set amount of MCNFs. Finally, keep stirring until the materials were well mixed, 
and then pour the mixture into the custom molds for vibration molding. Standard curing was adopted for the 
demoulded samples after 24 h., and precision machining was conducted with grinder to achieve the surface 
roughness below 0.02 mm after standard curing.

SHPB tests of MCNF concrete.  The concrete samples for SHPB tests are cylinders in the size of Φ 98 mm × 48 mm. 
To eliminate the interface friction effect, the mixture of graphite and lubricant in the shape of an even thin layer 
was applied on both ends of concrete samples before the tests.

The schematic diagram of φ100 mm SHPB equipment is shown in Fig. 2, including the main equipment, 
energy systems and test systems. The main equipment consists of transmission rod, incident rod and striker. The 
energy system is composed of energy absorbing device, gas line and gas tank. And the test systems include time 
interval mater, data processor, strain gauges, oscilloscope and SHPB main equipment.

The SHPB tests are based on the elastic stress propagation theory in slender rods. It has two basic assump-
tions, i.e., the plane assumption and the uniform stress assumption. The former is that each cross section of the 
elastic rod stays in plane state when the stress wave propagates in the slender rod. And the latter is that the stress 
is equal everywhere inside the sample28.

Three-wave method29 was adopted to calculate the stress, strain rate and strain according to the stress wave-
form in the elastic rod. The formulas are expressed as follows.

(1)IFSS =
Fmax

πdfLe

Figure 1.   Monofilament droplet debonding test chart.

Table 3.   The mix ratio of concrete (kg/m3).

Cement Sand Pebble Water Water reducing

MCNF

0.1% 0.2% 0.3% 0.4%

340 640 1360 130 1.7 1.76 3.52 5.28 7.04
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where Ce refers to the velocity of stress wave propagation in the rod, L stands for the thickness of sample, τ 
represents the propagation time of stress wave in rod, Ee and Ae are the elastic modulus and cross section area 
of rod, respectively, and As denotes the area at end face of sample.

SEM and MIP tests of MCNF concrete.  Select the samples with suitable size after crushing by SHPB tests. After 
that, remove the residues and dusts from the surface, and then dehydrate them completely. Coated with gold, 
SEM samples were observed with the appropriate magnification and scope, the others were the examined pore 
distribution by using Mack AutoPore IV 9500. The mercury infiltration angle was 130°, and the pressure ranged 
from 20 to 33,000 psi.

Tests schedule.  The detailed test schedule is shown in Table 4. The adsorption effects of carbon fiber as 
positive and negative electrodes on carbon nanotubes were discussed respectively based on electrophoresis tests, 
The interfacial shear strength of MCNF prepared by electrophoresis and carbon fiber were tested. The effect 
law of different water reducer contents (0, 0.5%, 1.0%, and 1.5%) on the dispersion degree of 0.1% MCNF was 
obtained through turbidity tests. The variables of SPHB tests include impact velocity (6.8 m/s, 7.8 m/s, 8.8 m/s, 
9.8 m/s, and 10.8 m/s) and MCNF content (0%, 0.1%, 0.2%, 0.3%, and 0.4%). The concrete samples crushed in 
SHPB tests with the content of MCNF of 0 and 0.4%, respectively were observed by using SEM equipment. The 
MIP tests mainly considered the influence of different MCNF contents (0%, 0.1%, 0.2%, 0.3%, 0.4%) on pore 
structure.

Results and discussion
Adsorption effect of carbon nanotubes on carbon fibers.  It can be seen from the electrophoresis test 
results that carbon nanotubes were deposited regardless of whether the carbon fiber was positive electrode or 
negative electrode with the stain less steel sheet taken as another electrode in the same CTAB solution environ-

(2)εs(t) =
Ce

L

∫ τ

0

[εI (t)− εR(t)− εT (t)]dt

(3)ε̇s(t) =
Ce

L
[εI (t)− εR(t)− εT (t)]

(4)σs(t) =
EeAe

2As
[εI (t)+ εR(t)+ εT (t)]

Figure 2.   Schematic diagram of SHPB equipment.

Table 4.   The specific tests schedule.

Tests Electrodes Water reducer content (%) MCNF content (%) Impact velocity (m/s)

Electrophoresis +, − – – –

IFSS testing – – – –

Turbidity – 0, 0.5, 1.0, 1.5 0.2 –

SHPB – – 0, 0.1, 0.2, 0.3, 0.4 6.8, 7.8, 8.8, 9.8, 10.8

SEM – – 0, 0.4 –

MIP – – 0, 0.1, 0.2, 0.3, 0.4 –
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ment. It is similar to the research result of Guo Jinhai30. However, the deposition amount of carbon nanotubes 
was much higher when carbon fiber was used as negative electrode. The micro pictures of MCNF using carbon 
fiber as negative electrode and negative electrode are shown in Fig. 3. It is obvious that the surface of carbon fiber 
acting as negative electrode was rougher when compared with that as positive one. Therefore, it is suggested to 
use stainless steel sheet as the positive electrode and carbon fiber as the negative one to for the preparation of 
MCNF materials.

The reason for the above phenomenon is that when using CTAB as the dispersion solution, based on the 
polarity of water and the non-polarity of carbon nanotubes, the surfactant molecules on the interface, namely the 
surface of carbon nanotubes, are arranged in order. The polar end of the surfactant is in water, which is positively 
charged, while the non-polar end is on the surface of the carbon nanotubes, therefore, the carbon nanotubes are 
positively charged in CTAB, and deposited onto the negative electrode.

Interfacial shear strength test results of MCNF and carbon fiber.  The interfacial shear strength test 
results is shown in Table 5, which showed that the interfacial shear strength of MCNF was significantly stronger 
than that of carbon fibers. Compared with the interfacial shear strength of carbon fibers, the interfacial shear 
strength of MCNF was increased by about 40.8%, The carbon nanotubes of the MCNF make the MCNF surface 
rougher than carbon fiber, so the pullout resistance is better.

Turbidity of MCNF in simulated concrete solution.  The result of turbidity tests is shown in Fig. 4. It is 
obvious that the turbidity is increased from 20.1 TU to 65 TU with the increase of polycarboxylic water reducer 
content from 0 to 1.0%, indicating that higher water reducer content could promote the dispersion property 
of MCNF in saturated calcium hydroxide solution. The reason is that the surface of MCNF adsorbed a large 
number of hydroxyl, carboxylic and sulfonic groups of polycarboxylic water reducer, resulting in the increase 
of repulsion between MCNFs27. In another word, the higher the content of polycarboxylate superplasticizer, the 
more obvious the dispersity of MCNF in alkaline environment.

SHPB tests results of MCNF concrete.  Concrete samples exhibit different failure patterns under dif-
ferent impact forces. The main failure patterns include core retention, spalling, bulk crushing, severe crushing, 
thorough crushing and so on31. The dynamic compressive strength of MCNF concretes under different impact 
loads is shown in Table 6. And the failure patterns of MCNF concretes at different impact velocity are shown 
in Fig. 5. Besides, MCNF00, MCNF01, MCNF02, MCNF03 and MCNF04 represent the MCNF concrete with 
different volume fractions (0%, 0.1%, 0.2%, 0.3%, and 0.4%). It can be seen from Fig. 5 that with the increase of 
impact speed, the concrete is more shattered, while the concrete with the addition of MCNF at the same impact 

Figure 3.   Micro pictures of MCNF using carbon fiber as positive electrode and negative electrode.

Table 5.   IFSS of various single fibers droplet composites.

Fiber type Interfacial shear strength (MPa) Improvement (%)

Carbon fiber 53.2 –

MCNF 74.9 40.8
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speed is more intact. However, this phenomenon is not very obvious at too high speed, because the bridging 
effect can no longer offset the energy brought by too high impact speed. The stress–strain curves of MCNF 
concretes are shown in Fig. 6.

It can be seen that the geometry of the rising section of the curve of each group of specimens is basically the 
same, which can be roughly divided into three stages, i.e., compaction stage, linear elastic deformation stage and 
yield stage. In another word, the initial internal pores of the specimen are compacted under the impact load, 

Figure 4.   Relationship between turbidity and polycarboxylate water reducer.

Table 6.   SHPB Results of MCNF concretes.

MCNF volume content 
(%) Test no. Impact velocity /v (m/s)

Dynamic compressive 
strength/fcd (MPa) Peak strain/εp (× 10−3)

Ultimate strain/εp 
(× 10−3) Sample failure patterns

0

MCNF00-1 6.8 53.3 10.8 20.8 Bulk crushing

MCNF00-2 7.7 55.7 8.0 24.2 Bulk crushing

MCNF00-3 8.8 62.7 8.6 25.0 Severe crushing

MCNF00-4 9.7 71.7 11.4 24.8 Thorough crushing

MCNF00-5 10.6 79.5 13.2 29.0 Thorough crushing

0.1

MCNF01-1 6.9 56.4 7.3 22.6 Core retention, spalling

MCNF01-2 7.9 61.5 7.5 27.2 Bulk crushing

MCNF01-3 8.7 66.9 8.9 26.1 Severe crushing

MCNF01-4 9.5 74.5 10.2 29.3 Thorough crushing

MCNF01-5 10.4 87.3 11.3 31.2 Thorough crushing

0.2

MCNF02-1 6.8 56.7 8.9 20.5 Bulk crushing

MCNF02-2 7.9 65.4 9.6 28.7 Bulk crushing

MCNF02-3 8.7 75.2 11.6 29.8 Severe crushing

MCNF02-4 9.8 79.5 13.5 30.9 Severe crushing

MCNF02-5 10.6 89.6 13.4 35.3 Thorough crushing

0.3

MCNF03-1 6.8 65.2 9.9 23.2 Bulk crushing

MCNF03-2 7.8 75.5 10.0 22.2 Core retention, spalling

MCNF03-3 8.9 80.4 11.0 30.1 Severe crushing

0.3
MCNF03-4 9.7 84.7 11.4 31.0 Severe crushing

MCNF03-5 10.7 90.6 13.5 33.2 Thorough crushing

0.4

MCNF04-1 6.8 54.8 9.6 19.2 Core retention, spalling

MCNF04-2 7.9 60.7 9.8 25.7 Bulk crushing

MCNF04-3 8.8 67.7 10.3 30.1 Bulk crushing

MCNF04-4 9.8 79.8 11.2 31.2 Severe crushing

MCNF04-5 10.7 84.2 13.0 32.4 thorough crushing
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and the strength of the specimen increases slowly at this time; when the deformation of the specimen increases 
linearly to the yield point, and then enters the failure stage, it increases linearly with the strength of the specimen; 
while when the peak value is reached, the specimen is damaged under compression, and the residual strength 
decreases gradually.

The effect laws of impact velocity and MCNF content for dynamic compressive strength are shown in Fig. 7.
It can be seen from Fig. 7a that the dynamic compressive strength of concrete increases with the increase of 

impact velocity. Inevitably, there are many micro-cracks and micro-damages occurred around the aggregates in 
the concrete. The destruction of concrete materials is mainly due to the extension and development of micro-
cracks and micro-damages in the concrete. The energy required to produce new cracks and expand the existing 
ones is huge, and the former is higher than the latter. Therefore, the higher the impact velocity, the closer the 
thorough crushing, and the more the cracks expand and generate. In the meantime, concrete fail to absorb the 
energy through its deformation due to very short impact loading time. According to the functional principle, 
external energy can only be offset by increasing stress. Therefore, the strength of the concrete increases with the 
increase of impact velocity. Similar to the analysis of strain rate hardening of rock by Bracc32 and Janach33 et al., 
the strain rate hardening effect of concrete can be regarded as the mechanical response of material during the 
transformation from one-dimensional stress state to one-dimensional strain state. The reason is that the stress 
inside the sample can no longer be regarded as one-dimensional stress due to the large size in the SHPB test. 
The surrounding concrete generate hoop pressure to the central concrete. Under the impact load, the concrete 
will also generate the hoop effect. And the hoop pressure effect is more obvious at larger material size and higher 
impact velocity34. During high-speed impact, the concrete undergoes compression deformation along the impact 
direction, and the height of the concrete specimen decreases. The diameter increases in the compression direc-
tion, and the concrete produces tensile stress. When the tensile stress of the concrete reaches the ultimate tensile 
strength, the concrete will be damaged.

It can be seen from Fig. 7b that the dynamic mechanical strength of concrete first increased and then 
decreased with the increase of MCNF content (from 0 to 0.4%) at the same impact velocity, and the threshold was 

Figure 5.   The failure patterns of MCNF concretes under different impact velocity.
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0.3%, as described in “Tests schedule” section. For carbon fiber reinforced concrete, it is likely to generate stress 
concentration at both ends of the crack when the concrete is damaged. In contrast, for MCNF concrete, there 
are many MCNFs in the fibers to share the force, indicating that the crack inhibition effect is more obvious35.

SEM tests results of MCNF concrete.  Micro morphology pictures of concrete with 0.4% MCNF are 
shown in Fig. 8. Specifically, as shown in Fig. 8a, two exposed MCNFs on the fracture surface of MCNF con-

Figure 6.   The stress–strain curves of MCNF concretes.
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Figure 7.   Relationship between impact velocity, MCNF content and dynamic compressive strength.

Figure 8.   SEM pictures of fracture surface of MCNF concrete.
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crete prevent the development of crack. These carbon nanotubes with strong water absorption characteristics on 
the surface of carbon fiber resulted in more sufficient hydration reaction of concrete, as shown in Fig. 8b. And 
MCNF could be observed on the fracture surface, which was wrapped by the concrete matrix. Due to the smooth 
surface of carbon fiber, it can be easily pulled out under strong load. Figure 8c shows one typical hole left in car-
bon fiber concrete when carbon fiber was pulled out. In the meantime, Fig. 8d shows the SEM photo of MCNF 
after being pulled out.It can be clearly seen that carbon nanotubes and cement remain on MCNF, which shows 
that MCNF is more difficult to pull out than ordinary carbon fibers when pulling out, and even some cement will 
be brought out. The force required to break inside the cement is much higher than the force required to break 
the carbon fiber-cement interface. Therefore, MCNF has better pull-out resistance compared to ordinary carbon 
fibers. In summary, MCNF has better resistant to pull-out, and MCNF concrete could bear stronger impact load 
with better crack resistance.

MIP tests results of MCNF concrete and modification mechanism.  The pore size distribution 
curves and pore proportion distribution curves of the MCNF-reinforced concrete are shown in Figs. 9 and 10. 
The addition of MCNF ranging from 0.1 to 0.4% significantly improved the porosity of concrete samples by 
about 0.01–0.02. MCNF promoted sufficient hydration reaction with cement in concrete at the interface, and 
left larger pores in other parts of the concrete. It is worth noting that too much MCNFs may easily agglomerate, 
which could only increase the porosity, with limited effect on the mechanical properties of concrete36.

Pore classification method with reference to ZHANG J X37 and pore distribution of MCNF concrete are shown 
in Fig. 11. The quantity of macropores (≥ 1000 nm) of MCNF concrete increased, transition pores (100–1000 nm) 
of MCNF concrete decreased, gel pores (10–100 nm) of MCNF concrete and capillary pores (< 10 nm) of MCNF 
concrete, in most cases, remained unchanged when MCNF content increased from 0 to 0.3%.

Figure 9.   Effects of MCNF on the pore size distribution.

Figure 10.   Porosity of MCNF concrete.
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The pore size of MCRC is enlarged mainly due to the following three reasons:

(a)	 The hydration at the interface between MCNF and concrete is more sufficient because the carbon fiber 
absorbs the water originally used for mixing during mixing; however, due to the lack of hydration in other 
parts of concrete, the macropores show an overall trend of enlargement.

(b)	 With the increase of the content of MCNF, it becomes increasingly difficult for MCNF to disperse, and the 
bubbles and pores produced by the matrix gradually increase.

(c)	 With the increase of the content of MCNF, it becomes easier for MCNF to aggregate, and the uniform 
internal force field cannot be formed, resulting in the gradual increase of pores36.

Combining with the experimental results described above, it can be concluded that the essential reason 
for the change of dynamic mechanical properties lies in the balance between the porosity and bridging action. 
Compared with carbon fiber, MCNF has rough surface, which is more difficult to be pulled out, therefore, the 
bridging effect is more obvious. As shown in Fig. 12b, bridging action refers to that when the concrete is dam-
aged, the carbon fiber in the concrete will connect the two failure surfaces to prevent the development of pores. 
Compared with ordinary carbon fibers, the surface of MCNF is rougher and the bridging effect is more obvious. 
The diagrammatic sketch of MCNF and ordinary carbon fibers are shown in Fig. 12a, b.

In the case of low content of MCNF (≤ 0.3%), the dispersion degree in concrete and the porosity will increase 
less. Therefore, MCNF can effectively connect microscopic cracks in the concrete, thereby improving the mechan-
ical properties of MCNF concrete. In the case that the MCNF content is greater than 0.3%, the pores continue to 
increase. However, at the same time, due to the large pores, the original equilibrium relationship between pores 
and bridging is broken, and too much MCNF cannot be effectively dispersed, leading to honeycomb defects in 
the concrete, the decrease of the bond strength between MCNF and concrete matrix38, and the further decline 
of the mechanical properties of the concrete.

Engineering application
The dynamic mechanical properties of MCNF concrete are studied. MCNF can improve the dynamic mechanical 
strength of concrete with low cost, which can be applied, to a certain extent, in the projects with impact load as 
the main load (such as railway and airport pavement). This study is of reference significance for the improvement 
of the dynamic mechanical properties of concrete.

Conclusions
To improve the smoothness of carbon fiber surface, carbon nanotubes were grafted on the surface of carbon fiber 
by electrophoresis to prepare MCNF. Then, the MCNF concrete was prepared by uniformly mixing MCNF into 
the concrete. The dynamic mechanical strength of regular concrete and MCNF concrete was studied at different 
impact speeds, and the modification mechanism was explained. The results are as follows:

(1)	 In CTAB solution, the electrical properties of carbon nanotubes would change, and they can be easily 
deposited onto the negative electrode.

(2)	 Compared with regular concrete, the dynamic mechanical strength of MCNF concrete increases with the 
increase of MCNF. It reaches the peak value at the MCNF content of 0.3%.

(3)	 Compared with pure carbon fibers, MCNF has a rougher surface and higher pull-out resistance, resulting 
in improved dynamic compressive strength.

Figure 11.   Pore distribution of MCNF concrete.
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(4)	 The total pore volume of MCNF concrete increases with the increase of MCNF, and the macropore also 
increases to a certain extent.

This paper provides a new research idea for the improvement of the surface smoothness of carbon fiber 
materials.

Data availability
The datasets generated and/or analysed during the current study are not publicly available due author’s unit does 
not agree to disclose the data, but are available from the corresponding author on reasonable request.

Received: 25 April 2022; Accepted: 20 July 2022

References
	 1.	 Akihama, S., Suenage, T. & Banno, T. Mechanical properties of carbon fibre reinforced cement composites. Int. J. Cem. Compos. 

Lightweight Concr. 8(1), 21–38 (1986).
	 2.	 Vita, N. & Sharma, A. Behaviour of single bonded anchors in non-cracked and cracked steel fiber reinforced concrete under short-

time tensile loading. Eng. Struct. 245, 112900 (2021).
	 3.	 Yue, J. Experimental study on fracture mechanism and tension damage constitutive relationship of steel fiber reinforced concrete. 

Tumu Gongcheng Xuebao/China Civ. Eng. J. 54(2), 93–106 (2021).
	 4.	 Frazo, C., Barros, J. & Bogas, J. A. Influence of the chloride attack on the post-cracking behavior of recycled steel fiber reinforced 

concrete. Materials 14(5), 1279 (2021).
	 5.	 Feng, J. et al. Mesoscale modeling of hooked-end steel fiber reinforced concrete under uniaxial compression using cohesive ele-

ments. J. Appl. Math. Phys. 9(11), 9 (2021).
	 6.	 Li, K., Zhao, J. & Ren, W. Shear mechanism of steel fiber reinforced concrete deep coupling beams. J. Struct. Eng. Mech. 73(2), 

143–152 (2020).
	 7.	 Li, S. C. Study on Static and dynamic mechanical properties of steel fiber reinforced concrete. Diss. Nanjing University of Science 

& Technology (2018) (in Chinese)
	 8.	 Galishnikova, V. V., Heidari, A., Chiadighikaobi, P. C., Muritala, A. A. & Emiri, D. A. Ductility and flexure of lightweight expanded 

clay basalt fiber reinforced concrete slab. Struct. Mech. Eng. Constr. Build. 17(1), 74–81 (2021).
	 9.	 Xu, J. Y., Fan, F. L., Bai, E. L. & Liu, J. Study on dynamic mechanical properties of basalt fibre reinforced concrete. Chin. J. Undergr. 

Space Eng. 6(2), 1665–1671 (2010).
	10.	 Rathod, N., Gonbare, M. & Pujari, M. Basalt fiber reinforced concrete. Int. J. Sci. Res. (IJSR) 4(5), 359–361 (2013).
	11.	 Zhou, J. K., Tian, Y., Bi, F. T. & Zhao, X. Y. Size effect on strength of reinforced concrete cylinders confined by carbon fiber-

reinforced polymer and transverse stirrup reinforcement. ACI Struct. J. 118, 2. https://​doi.​org/​10.​14359/​51729​357 (2021).
	12.	 Guo, X. Y., Huang, P. Y., Wang, Y. L., Shu, S. Y. H. & Zheng, X. H. Flexural performance of reinforced concrete beams strengthened 

with carbon fiber-reinforced polymer (CFRP) under hygrothermal environment considering the influence of CFTP-concrete 
interface. Acta Mech. Solida Sin. 34(3), 381–392 (2021).

Figure 12.   Schematic diagram of failure mechanism of carbon fiber concrete and MCNF concrete.

https://doi.org/10.14359/51729357


13

Vol.:(0123456789)

Scientific Reports |        (2022) 12:12928  | https://doi.org/10.1038/s41598-022-17092-4

www.nature.com/scientificreports/

	13.	 Eljufout, T. & Toutanji, H. Fatigue behavior of prefatigued reinforced concrete beams rehabilitated with near surface mounted 
carbon fiber reinforced polymer reinforcement. J. Struct. Concr. 21(2), 533–547 (2020).

	14.	 Wahrhaftig, A., Rodrigues, R. B., Carvalho, R. F. & Fortes, A. S. Strengthening reinforced concrete beams with carbon fiber laminate 
mounted in a u-shape for static and vibration purposes. Int. J. Civ. Eng. 20(1), 27–40 (2021).

	15.	 Giner, V. T., Baeza, F., Ivorra, S., Zornoza, E. & Galao, O. Effect of steel and carbon fiber additions on the dynamic properties of 
concrete containing silica fume. Mater. Des. 34, 332–339 (2012).

	16.	 Al-Akhras, N. & Al-Mashraqi, M. Repair of corroded self-compacted reinforced concrete columns loaded eccentrically using 
carbon fiber reinforced polymer. Case Stud. Constr. Mater. 14(1), e00476 (2021).

	17.	 Rao, M. M., Patro, S. K. & Basarkar, S. S. Mechanical and post-cracking performance of recycled high density polyethylene fiber 
reinforced concrete. J. Inst. Eng. (India) Ser. A 1, 5. https://​doi.​org/​10.​1007/​s40030-​022-​00625-5 (2022).

	18.	 Meena, A., Surendranath, A. & Ramana, P. V. Assessment of mechanical properties and workability for polyethylene terephthalate 
fiber reinforced concrete. Mater. Today Proc. 50, 2307–2314 (2022).

	19.	 King, J. A. et al. Effects of carbon fillers on the conductivity and tensile properties of polyetheretherketone composites. Polym. 
Compos. 39(S2), 807 (2016).

	20.	 Baughman, R. H., Zakhidov, A. A. & Heer, W. Carbon nanotubes-the route toward applications. Science 297(5582), 787–792 (2002).
	21.	 Gbadeyan, O. J., Kanny, K. & Pandurangan, M. T. Tribological, mechanical, and microstructural of multiwalled carbon nanotubes/

short carbon fiber epoxy composites. J. Tribol. https://​doi.​org/​10.​1115/1.​40373​57 (2018).
	22.	 Zhang, F. H. Study on carbon nanotube/carbon fiber multi-scale reinforcement and its composite interfacial properites. Diss. 

Harbin Institute of Technology (2018) (in Chinese).
	23.	 Sui, K. Q., Zhang, Q. B. & Liu, L. The influence of carbon fibe rreinforcement composite by electrophoretic deposition carbon 

nanotubes on interfacial property of carbon fiber surface. Mater. Sci. Technol. 23(1), 46–50 (2015) (in Chinese).
	24.	 Wang, X. H. Study on the fabrication of carbon nanotubes grafted carbon fiber/carbon cloth and their composites. Diss. Jinan: 

Shangdong University (2018) (in Chinese).
	25.	 Chai, J., Kong, H. J., Zhang, X. Y. & Yu, M. H. Study on the interface of carbon fiber modification through sizing agent containing 

carbon nanotubes. J. Compos. Sci. Eng. 8, 64–69 (2020) (in Chinese).
	26.	 Sun, X. et al. A study of strain-rate effect and fiber reinforcement effect on dynamic behavior of steel fiber-reinforced concrete. J. 

Constr. Build. Mater. 158, 657–669 (2018).
	27.	 Qian, J. S., Xie, C. B., Xing, H. J., Jia, X. W. & Jiang, N. Effect of polycarboxylate superplasticizer on dispersion of carbon fiber in 

cement-based material. J. Funct. Mater. 16(44), 2389–2392 (2013) (in Chinese).
	28.	 Ravichandran, G. & Subhash, G. Critical appraisal of limiting strain rates for compression testing of ceramics in a split hopkinson 

pressure bar. J. Am. Ceram. Soc. 77(1), 263–267 (2010).
	29.	 Wang, L. L. (ed.) Stress Wave Foundation 15–35 (National Defense Industry Press, 2005) (in Chinese).
	30.	 Guo, J. H. Preparation and properties of carbon nanotube-carbon fiber multi-scale reinforcement and its epoxy composites. Diss. 

Chinese Academy of Sciences University (2012) (in Chinese).
	31.	 Zhai, Y., Xu, J. Y., Li, W. M., Yang, J. Y. & Fan, F. L. Experimental study on dynamic compressive testing and mechanical properties 

of carbon fiber-reinforced concrete. J. Concrete 5, 16–22 (2008) (in Chinese).
	32.	 Brace, W. F. & Jones, A. H. Comparison of uniaxial deformation in shock and static loading of three rocks. J. Geophys. Res. 76(20), 

4913–4921 (1971).
	33.	 Walter, J. The role of bulking in brittle failure of rocks under rapid compression. Int. J. Rock Mech. Min. Sci. Geomech. Abstr. 13(6), 

177–186 (1976).
	34.	 Li, W. M., Xu, J. Y., Zhai, Y. & Li, Q. Mechanical properties of carbon fiber reinforced concrete under impact loading. China Civ. 

Eng. J 42(2), 24–30 (2009).
	35.	 Zhang, W. D. & Xu, X. Y. Properties and development trends of carbon fibre reinforced concrete. For. Eng. 21(1), 61–63 (2004) (in 

Chinese).
	36.	 Hou, M., Tao, Y., Tao, Z., Chai, D. & Chen, X. H. Basic mechanical properties and analysis of chopped carbon fiber reinforced 

concrete. J. Concr. 1, 74–77 (2020) (in Chinese).
	37.	 Zhang, J. X. & Jin, S. S. (eds) Microscopic Pore Structure of Cement Concrete and Its Function 101–110 (Science Press, 2014) (in 

Chinese).
	38.	 Zhou, L., Wang, X. C. & Liu, H. T. Experimental study of mechanical behavior and failure mode of carbon fiber reinforced concrete. 

Eng. Mech. 30, 226–231 (2013) (in Chinese).

Acknowledgements
We thank LU Zhang, PhD, from Nanjing Audit University, for revising the English text of this manuscript.

Author contributions
Y.D: Conceptualization, Methodology, Validation, Writing, Original Draft; S.L.: Investigation; J.X.: Visualization, 
Validation; W.X.: Reviewing and Editing; T.W.: Modify; Z.W.: Data Curation.

Funding
National Natural Science Foundation of China (No. 51908548). Youth talent promotion program of Shaanxi 
University Association for science and technology (No. 20200415).

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to S.L.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.1007/s40030-022-00625-5
https://doi.org/10.1115/1.4037357
www.nature.com/reprints


14

Vol:.(1234567890)

Scientific Reports |        (2022) 12:12928  | https://doi.org/10.1038/s41598-022-17092-4

www.nature.com/scientificreports/

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2022

http://creativecommons.org/licenses/by/4.0/

	Experimental study of impact mechanical and microstructural properties of modified carbon fiber reinforced concrete
	Materials and methods
	Test materials. 
	Test Methods. 
	Preparation and verification of MCNF. 
	Interfacial shear strength (IFSS) test. 
	Preparation of MCNF concrete. 
	SHPB tests of MCNF concrete. 
	SEM and MIP tests of MCNF concrete. 

	Tests schedule. 

	Results and discussion
	Adsorption effect of carbon nanotubes on carbon fibers. 
	Interfacial shear strength test results of MCNF and carbon fiber. 
	Turbidity of MCNF in simulated concrete solution. 
	SHPB tests results of MCNF concrete. 
	SEM tests results of MCNF concrete. 
	MIP tests results of MCNF concrete and modification mechanism. 

	Engineering application
	Conclusions
	References
	Acknowledgements


