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ABSTRACT

Replacing micro-reinforcing fibers with carbon nanotubes (CNTs) is beneficial for improving the impact
properties of ultra-high performance concrete (UHPC); however, the weak wettability and dispersibility
of CNTs and the weakly bonded interface between CNTs and UHPC limit their effectiveness as composites.
Therefore, this study aims to enhance the reinforcement effect of CNTs on the impact properties of UHPC
via functionalization. Unlike ordinary CNTs, functionalized CNTs with carboxyl or hydroxyl groups can
break the Si-O-Ca-0-Si coordination bond in the C-S-H gel and form a new network in the UHPC matrix,
effectively inhibiting the dislocation slip inside UHPC matrix. Furthermore, functionalized CNTs, particu-
larly carboxyl-functionalized CNTs, control the crystallization process and microscopic morphology of the
hydration products, significantly decreasing and even eliminating the width of the aggregate-matrix
interface transition zone of the UHPC. Moreover, the functionalized CNTs further decrease the attraction
of the negatively charged silicate tetrahedron to Ca?* in the C-S-H gel, while modifying the pore struc-
ture (particularly the nanoscale pore structure) of UHPC, leading to the expansion of the intermediate C-
S-H layer. The changes in the microstructures of UHPC brought about by the functionalized CNTs signif-
icantly enhance its dynamic compressive strength, peak strain, impact toughness, and impact dissipation
energy at strain rates of 200-800 s~'. Impact performance of UHPC containing a small amount of
carboxyl-functionalized CNTs (especially the short ones) is generally better than that of UHPC containing
hydroxyl-functionalized and ordinary CNTs; it is even superior to that of UHPC with a high steel fiber
content.
© 2021 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Researchers have attempted to design ultra-high performance
concrete (UHPC) structures to withstand extreme loads based on

In complex and extreme service environments, static-load-
bearing concrete structures may be gradually affected by dynamic
loads such as impacts and explosions. Under the action of dynamic
impact loads, the large amount of strain energy inside the concrete
material leads to a shorter compression time and smaller effective
stress area in the material [ 1], which, in turn, exacerbates the brit-
tle failure of concrete and considerably affects the safety of con-
crete structures.
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the understanding of their dynamics [2-5]. The principle behind
using UHPC is that it hinders the propagation path of cracks by
improving the compactness of the cement matrix and the bridging
effect of fibers, thereby increasing the energy absorption of the
concrete material [6-8]. Wang et al. [9] found that the addition
of 1%-2% of steel fibers (0.16 mm in diameter and 13 mm in
length) effectively reduces the crushing degree of UHPC specimens
under impact loads. Wang et al. [10,11] suggested that by incorpo-
rating different sizes (0.175-0.200 mm in diameter, 6-13 mm in
length) and contents (3%-6%) of steel fiber, the damage softening
of UHPC can be improved when the strain rate is between 40
and 100 s~'. Hou et al. [12] reported that at a strain rate of 75-
274 s7!, the dynamic elastic modulus and energy absorption of
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UHPC can be significantly increased by adding 2%-5% of steel fiber.
Al-Masoodi et al. [13] also found that W-shaped steel fibers can
increase the dynamic compressive strength and energy absorption
of concrete by up to 83.3% and 162.2% at strain rates of 30 and
50 s~!, respectively. Tai [14] performed the split Hopkinson pres-
sure bar (SHPB) test on fiber-reinforced UHPC specimens at a strain
rate of 10-1000 s~'. They found that both the impact toughness
and energy absorption of UHPC increase with an increase in the
fiber content (1%-3%) and strain rate. When the strain rate ranges
from 500 to 800 s~!, the energy absorption of UHPC with 3% steel
fiber increases by up to 175%. Dong et al. [15] also found that at a
strain rate of 94-926 s~!, the addition of super-fine stainless wire
leads to increase of 33.7%, 43.5%, and 58.2% in dynamic compres-
sive strength, dynamic impact toughness, and impact dissipation
energy (IDE) of UHPC, respectively. In summary, researchers have
carried out substantial work on the anti-impact properties of UHPC
and have achieved substantial results. In fact, the absence of coarse
aggregates in UHPC leads to a large number of (fine) aggregate—
matrix interfaces inside the composites [2,16,17]. According to
the compact packing theory, a lot of fine powders coated with
water films will accumulate in the interface area, which weakens
the overall performance of the UHPC. However, the problem of
multi-interfaces between different compositions in UHPC has not
been well studied.

In particular, at strain rates greater than 200 s~!, the weak
interface bond between the fibers and the UHPC matrix tends to
induce stress concentration points at the interface, which consider-
ably compromises the anti-impact performance of UHPC [18].
Moreover, the incorporation of fibers inevitably leads to new pores
forming in the UHPC matrix, which, in turn, affects the shrinkage
and durability of the material [19]. Therefore, it has become critical
to develop approaches addressing the defects of UHPC while ensur-
ing its high toughness.

In recent years, rapid progress in nanotechnology has led to the
development of nanofiller-modified UHPC. The overall properties
of UHPC can be considerably changed through nanomodification
[20-24]. Among existing nanomaterials, carbon nanotubes (CNTSs)
with excellent mechanical properties and thermal properties are
regarded as ideal nanofillers that can replace traditional fibers in
concrete composites [20,25-28]. Compared with traditional fibers,
CNTs with a hollow tubular structure can store free water during
the early stage of hydration and release it at a later stage, thus pro-
moting the late-age hydration of concrete materials [29]. Further-
more, the high specific area of CNTs enables them to be distributed
widely in a material matrix even at low contents, which signifi-
cantly improves the microstructure of the composite material
[30,31]. This means that the incorporation of CNTs can ensure a
compact UHPC matrix and further improve the microstructure of
UHPC. In this manner, the energy absorption ability of UHPC is
increased and the brittleness of the material is effectively reduced.
The corresponding experimental results have been reported by
Wang et al. [32].

However, as hydrophobic substances, CNTs have weak wettabil-
ity, which often makes it difficult for them to form good bonds
with the matrix material [33-35]. Moreover, the strong interlayer
van der Waals between the CNT interlays easily leads to their
agglomeration [36], drastically limiting the application of CNTs in
UHPC. To completely utilize the superior properties of CNTs, sur-
face modification of CNTs, especially with functional group treat-
ment, has been performed [37]. Studies have shown that
functionalized CNTs have significantly enhanced wettability and
hydrophilicity, which improves the dispersion of nanotubes in
the concrete matrix [38,39]. More importantly, functional groups
on the surface of functionalized CNTSs can increase the surface acti-
vation points of nanotubes and form strong chemical interfacial
bonds with the concrete matrix [40,41], thereby improving the
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composite efficiency and effect of the nanotubes. Theoretically,
the incorporation of functionalized CNTs can significantly improve
the overall performance of UHPC [42,43], and therefore improve its
impact resistance under high strain rates. Unfortunately, research
on the anti-impact properties of functionalized CNT-modified
UHPC has not been conducted, and the effectiveness of the
strengthening mechanism of functionalized CNTs under impact
loading is still unknown.

To this end, this study used functionalized CNTs to modify
UHPC and investigated its anti-impact properties through an SHPB
test. Considering the differences in the nanotube aspect ratio and
functional group treatment for crack inhibition, the effects of dif-
ferent types and lengths of functionalized CNTs (including
carboxyl- and hydroxyl-functionalized ones) on the anti-impact
properties were compared, and the modification mechanisms of
UHPC were analyzed across multiple scales—macroscopic, micro-
scopic, and nanoscopic. Finally, the impact compression behavior
of UHPC was verified using an established dynamic compression
constitutive model. These results are of great significance to the
detailed understanding of the dynamic mechanical behavior and
reinforcing mechanism of UHPC. Moreover, they have the potential
to aid the development of UHPC with high impact resistance.

2. Materials and experiments
2.1. Raw materials and mix proportion

Table 1 lists the raw materials and mix proportions of UHPC
with and without CNTs. The types and contents of mineral admix-
tures were the same for all the types of UHPC. The water-to-
cement ratio of UHPC in this study was 0.375, and the correspond-
ing water-to-binder (including cement, fly ash, and silica fume)
ratio was 0.24. In addition to a control UHPC (C0), 0.25% and
0.50% of functionalized CNTs by weight of cement were considered
for each type of functionalized CNT-modified UHPC. The physical
properties of these types of multi-walled CNTs are presented in
Table 2. Functionalized CNTs, including those functionalized by
hydroxylation (MH) and carboxylation (MC), are synthesized in
H,S0,4 solutions by chemical oxidation (KMnO,) of ordinary CNTs,
and functionalized CNTs with short lengths (SMH) are mechani-
cally cut from the respective long CNTs. The effect of ordinary CNTs
on the anti-impact properties of UHPC has been reported in
another article by the authors [32], which is referred to here when
considering the performance of the functionalized CNTs.

In addition, UHPC specimens with dimensions of ¢30
mm x 15 mm and ¢$20 mm x 40 mm were prepared for the impact
compression experiment and pore structure characterization,
respectively. Before performing the relevant experiments, all the
UHPC specimens were cured in water at 25 °C for 90 days. To
reduce the interference of the end-friction effect of the specimen
during the impact test, the surfaces of all the specimens were pol-
ished to achieve a roughness value within 0.05 mm [44]. The rep-
resentative data for each type of UHPC are the average of three sets
of valid data.

2.2. Experiments

2.2.1. Impact compression test

The impact compression test was performed using an SHPB
device. To ensure propagation of the one-dimensional stress wave,
the diameter of the impact bar was set to 37.0 mm, and the length-
to-slenderness ratio of the pressure bar was adjusted [45]. Three
different strain rates (approximately 200, 500, and 800 s~ ') were
achieved by adjusting the emission pressure (0.125-0.5000 MPa),
and the elastic waves in the elastic bars were collected by the
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Table 1
Raw materials and mix proportion of UHPC with and without CNTs.
Code Cement Fly Silica Sand Water Superplasticizer CNTs
ash  fume oL os MH SMH MC SMC
Cco 1 0.25 0.3125 1375 0375 1.5% — — - — — —
CL1/CL2 0.9975/ 0.25 0.3125 1375 0375 1.5% 0.25%/ — — — — —
0.9950 0.50%
CS1/CS2 0.9975/ 0.25 0.3125 1375 0375 1.5% — 0.25%/ - — — —
0.9950 0.50%
CH1/CH2 0.9975/ 0.25 0.3125 1375 0375 1.5% — — 0.25%/ — — —
0.9950 0.50%
CSH1/ 0.9975/ 0.25 0.3125 1375 0375 1.5% — — — 0.25%/ — —
CSH2 0.9950 0.50%
cc1/cc2 0.9975/ 0.25 0.3125 1375 0375 1.5% — — — — 0.25%] —
0.9950 0.50%
Ccsci/ 0.9975/ 0.25 0.3125 1375 0375 1.5% — — — — — 0.25%/
Csc2 0.9950 0.50%

CL1, CS1, CH1, CSH1, CC1, and CSC1 denote the UHPC containing 0.25% of OL, OS, MH, SMH, MC, and SMC, respectively, while CL2, CS2, CH2, CSH2, CC2, and CSC2 denote UHPC
containing 0.50% of OL, OS, MH, SMH, MC and SMC, respectively. Besides, OL denotes ordinary CNTs with a long length. OS denotes ordinary CNTs with a short length. MH and
SMH denote hydroxyl-functionalized CNTs with long length and short length, respectively. MC and SMC denote carboxyl-functionalized CNTs with long length and short

length, respectively.

Table 2
Physical properties of different types of CNTs.

Types Purity (%) Length (um) ID (nm) OD (nm) SSA (m?.g™ 1) —OH content (wt%) —COOH content (wt%)
OL > 98 10-30 2-5 <8 > 350 — —

[N > 98 0.5-2 2-5 <8 > 350 - —

MH > 98 10-30 5 8 > 400 5.58 —

SMH > 98 0.5-2 5 8 > 380 5.58 —

MC > 98 10-30 5 8 > 400 — 3.86

SMC > 98 0.5-2 5 8 > 270 — 3.86

ID denotes inner diameter and OD denotes outer diameter; SSA denotes the specific surface area.

strain gauge. To balance the overall deformation rate of the mate-
rial while ensuring the validity of the data, the transverse deforma-
tion rate before the peak stress was selected as the representative
strain rate [10]. The average stress g, average strain rate & and
average strain ¢ were calculated according to the three-wave
method formulas, as follows [46]:

EA
0 = 73 2 [&in + &re + &)
gs = m [gin — &re — 8tr] . (1)

&(t) = [oés(T)dT

where A, and Ayppc are the cross-sectional areas of the bar and
UHPC specimens, respectively. &y, &., and &, are the strains
obtained from the incident, reflected, and transmitted pulses,
respectively. t and 7 are the load duration time parameters. c is
the wave speed in the bar, E is the elastic modulus of the bar, and
lunpec is the initial thickness of the UHPC specimens.

2.2.2. Scanning electron microscopy analysis

To further investigate the interaction between CNTs and the
cement matrix and to establish clear evidence of the CNT location
in the cement matrix, the microscopic morphology of UHPC was
analyzed using Nova Nano scanning electron microscope (SEM)
450 machine (FEI Ltd., USA). Prior to SEM observations, all UHPC
specimens were cut into dimensions of 1 cm x 1 cm x 0.5 cm
and dried at 55 °C for 24 h. Subsequently, a thin gold layer was
coated on the surfaces of the specimens using Q150TES (Quorum
Ltd., UK).

2.2.3. Pore structure characterization

The pore structure of UHPC was characterized using a LIME-
MRI-D2 nuclear magnetic resonance (NMR) rock core analyzer
(Beijing Limecho Technology Co., Ltd., China), and the transverse
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relaxation behavior of 'H protons in water was captured by the
Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence. The magnetic
rotation ratio of the hydrogen nucleus was 42.58 MHz.T~!, and the
magnetic field intensity was (0.3 + 0.05) T. To capture the relaxation
characteristics of water confined in different pores, the echo inter-
val of the CPMG pulse sequence was set to 60 s, and the numbers of
collected echoes s to 30000 and 32, respectively [47].

The UHPC specimens used for pore structure characterization
were cylindrical with a diameter of 20 mm and a height of
40 mm. The working principle of low-field NMR (LF-NMR) is based
on the “diffusion metamodel” [48,49]. The relationship between
the surface relaxation time and pore structure can be expressed as

1 1 +i<1 1 )
Tosur  Tapur

TZ B TZBUL

where Tsur is the relaxation time of the surface water layer, Topy is
the relaxation time of bulk water, / is the thickness of the surface
liquid layer, Vspy is the specific pore volume, Asyr is the surface area,
and T, is the relaxation time.

ASUR
VSPV

(2)

3. Results and analysis of mechanical properties
3.1. Anti-impact properties of functionalized CNT-modified UHPC

3.1.1. Dynamic compressive strength and strain rate effect

Fig. 1 shows the dynamic compressive strength of UHPC con-
taining different types and contents of CNTs. The relationship
between the dynamic compressive strength and strain rate of the
UHPC is shown in Figs. 2(a)-(c).

It can be observed from Fig. 1 that regardless of whether the
functionalized CNTs are incorporated or not, the dynamic compres-
sive strength of UHPC increases as the strain rate increases, indi-
cating a strain rate effect in the UHPC specimens. Similar to
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Fig. 1. Dynamic compressive strength of UHPC containing different types and
contents of CNTs compared to the control UHPC. (a) UHPC with 0.25% CNTs;
(b) UHPC with 0.50% CNTs.

ordinary CNTs (including ordinary CNTs with a long length (OL)
and short length (0S)), all types of incorporated functionalized
CNTs increase the dynamic compressive strength of UHPC within
comparable strain rates. Except for the UHPC modified with
hydroxyl-functionalized CNTs at a strain rate of 200 s~! and the
UHPC modified with carboxyl-functionalized CNTs at a strain rate
of 500 s !, the dynamic compressive strength of other types of
functionalized CNT-modified UHPC significantly increases with
increasing CNT content. Specifically, at a CNT content of 0.25%
and strain rate of 200-800 s~! (as shown in Fig. 1(a)), the incorpo-
ration of the four types of functionalized CNTs (including MH, MC,
SMH, and SMC) can increase the dynamic compressive strength of
the control UHPC (CO) by 68.2%, 55.2%, 59.9%, and 72.4%, respec-
tively. When the CNT content is 0.50% (as seen in Fig. 1(b)), the cor-
responding increase in the strength of these four types of UHPC
reaches 71.0%, 68.9%, 75.3%, and 76.2%. The dynamic compressive
strength of UHPC with added functionalized CNTs is significantly
greater than that of UHPC with traditional steel fibers (increase
of approximately 10%-50%) [12,14,15]. Interestingly, the dynamic
compressive strength of UHPC with 0.25% functionalized CNTs
(except for some cases of carboxyl-functionalized CNTs) is close
to or slightly lower than that of ordinary CNT-modified UHPC.
When the CNT content reaches 0.50%, this phenomenon is
reversed, that is, except for hydroxyl- and carboxyl-
functionalized CNTs with short lengths, functionalized CNTs are
superior to ordinary CNTs in terms of improving the strength of
UHPC. Among all types of functionalized CNTs, carboxyl-
functionalized CNTs with short length have an obvious advantage
in increasing the dynamic compressive strength of UHPC, which
is 9.7% higher than that of UHPC with ordinary CNTs.
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The increase in the dynamic compressive strength of UHPC at a
high strain rate is mainly related to the formation of a large num-
ber of microcracks, which requires higher energy consumption
than crack propagation [50]. Compared with the control UHPC,
the incorporation of CNTs further fills the nanopores and microp-
ores between hydration products [51] and enhances the interface
bonding of the cement matrix [29], thereby significantly increasing
the energy required for crack formation. It is worth noting that
hydroxyl-functionalized CNTs, with increased wettability and
enhanced hydrophilic properties, can significantly improve the dis-
persion of nanotubes, effectively reducing their agglomeration in
the UHPC matrix (especially at high CNT contents) [38,39]. Fur-
thermore, the oxygen-containing functional groups on the surface
of carboxyl-functionalized CNTs react with calcium hydroxide
[40,41]. As a result, more calcium silicate hydrate (C-S-H) gels
are formed, and the strength of UHPC is further increased.

It can be observed from Fig. 2 that at CNT contents of 0.25% and
0.50%, the dynamic compressive strength of all UHPC presents a
certain linear relationship with the strain rate, which is consistent
with the results of UHPC without CNTs, thus demonstrating the
strain rate effect of UHPC [52,53]. However, following the incorpo-
ration of CNTs, the slope (k) of the strength-strain rate regression
curves of most UHPC specimens (except for UHPC containing 0.50%
carboxyl-functionalized CNTs) is lower than that of UHPC without
CNTs. Specifically, the slope of the strength-strain rate regression
curve decreases from 0.13533 to 0.05689, with a maximum
decrease of 57.9%. This implies that the incorporation of CNTs
weakens the strain rate sensitivity of UHPC [54]. It is worth noting
that functionalized CNTs with long lengths present lower slopes
than ordinary CNTs with long lengths, but this phenomenon seems
to be reversed when short nanotubes are considered.

It is generally believed that the strain rate effect of UHPC is the
result of the joint action of the microcrack propagation effect and
the inertia effect, which, in turn, increase the energy absorption
capacity of UHPC [52,53,55]. With the incorporation of CNTs, the
crack tip stress is directed away, via the bridging nanotubes, to
the cement matrix, thus delaying crack propagation. Furthermore,
the denser network of CNTs causes stress redistribution in the
matrix [20,40], which, in turn, offsets the lateral inertial force of
the composite material and somewhat suppresses its confining
pressure effect. In addition, the functional groups in functionalized
CNTs further strengthen the chemical bond between nanotubes
and the UHPC matrix [20,41,51] and improve the load transfer of
the CNTs to the UHPC matrix [20,29]. These advantages of func-
tionalized CNTs significantly improve the structural uniformity of
UHPC, which causes more energy to be consumed in the process
of crack development. This is mechanistically different from nor-
mal UHPC, which consumes energy simply by increasing the stress.
The different strain rate effects of CNTs with various lengths may
be related to the fact that different-sized CNTs have different dis-
persion effects in the concrete matrix. Specifically, CNTs with short
lengths have a better dispersion ability than the long ones [56],
which improves the network structure of the UHPC matrix and
increases the complexity of the stress distribution, thus reducing
the confining pressure effect of UHPC.

3.1.2. Dynamic compressive deformation

To further investigate the impact behaviors of the functional-
ized CNT-modified UHPC, the dynamic stress-strain curves of all
UHPC specimens are presented in Figs. 3(a) and (b).

As shown in Figs. 3(a) and (b), the dynamic stress-strain curves
of UHPC can be roughly divided into two sections: approximately
linear ascending and nonlinear descending sections, corresponding
to the elastic-plastic deformation and strain softening of the mate-
rial, respectively [52,53]. As the strain rate gradually increased,
both the dynamic peak stress and limit strain of UHPC increased,
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Fig. 3. Dynamic stress-strain curves of UHPC with different types and contents of CNTs. (a) 0.25% CNTs; (b) 0.50% CNTs.

demonstrating the strain rate effect of UHPC. However, the slope of
the stress-strain curve of the UHPC significantly increased in the
ascending section but gradually slowed down in the descending
section owing to the presence of functionalized CNTs. In particular,
at a CNT content of 0.50% and strain rate of 500 s, the dynamic
stress-strain curves of functionalized CNT-modified UHPC exhibit
a “sawtooth” shape, indicating the strain-hardening phenomenon
[10,11]. This implies that the incorporation of functionalized CNTs
not only increases the elastic modulus and residual strength of
UHPC, but also causes the damage behavior of UHPC to change
from simple matrix cracking to fiber fracture [57].

The bridging and pull-out effects of functionalized CNTs redis-
tribute the stress inside the UHPC matrix and then impede the
propagation paths of the cracks, which is particularly critical for
improving the impact resistance of UHPC. The corresponding
experimental phenomena have also been confirmed in the UHPC
matrix by SEM observations, as shown in Fig. 4. It should be noted
that compared with ordinary CNTs, functionalized CNTs with
oxygen-containing groups increase sp> hybridization of the tube
walls and enhance the weak interface friction between the nan-
otubes. In this way, the dislocation density in the UHPC matrix
increases, and the dislocation slip is effectively hindered [36-38].
Furthermore, functionalized CNTs with a high surface activity can
increase their probability of contact with cement particles, which,
in turn, attracts more hydration products to form an intermediate
phase [29,40,41]; thus, the fiber effect of CNTs is enhanced.

Figs. 5(a) and (b) show the dynamic peak strain of UHPC con-
taining different CNTs compared with the control UHPC. The crack-
ing form and structure enhancement of the functionalized CNT-
modified UHPC are shown in Figs. 5(c) and (d). It can be observed
from Figs. 5(a) and (b) that, similar to ordinary CNTSs, incorporating
functionalized CNTs significantly decreases the dynamic peak
strain of UHPC at a strain rate of 200-500 s~!, but makes the strain
value of UHPC gradually approach or even exceed that of the con-
trol UHPC at high strain rate. What’s more, compared with the
decreased strain value of ordinary CNTs modified UHPC at high
strain rate (up to 30.3%), incorporating functionalized CNTs can
increase the strain value by 101.1% (with a difference of 131.4%).
This means that functionalized CNTs intensify the dynamic embrit-
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Fig. 4. Different failure modes of functionalized CNTs in UHPC matrix. (a) CNTs
fracture; (b) CNTs bridging; (c¢) CNTs pulling-out.

tlement of UHPC at medium and low strain rates [58] but delay the
unsteady propagation of microcracks at high strain rates (i.e.,
improve the plastic deformation of the material). It should be
noted that with increasing strain rate, the peak strain of a compos-
ite material generally increases first and then decreases owing to
the provision of traditional fibers [9,12,14,15], which is in contrast



J. Wang, S. Dong, S.D. Pang et al.

0.03

[ o)
FcL1ZcH1 [ERcc [cs1 KYCSH1 [EEcsct
s
£ o002f
< 7
8 Niz|
9 §§§ 63.0%
g &gg )
S oo01r N o
a \ -
N i
i N
=200 =500

Strain rate (s™')

(a)

poype s meny %
:0 o 1 /7)o L Ny
v 2N /] )y \
log O l— B ol
1 \; <\H] ‘ J ,'
o> |1 AN XLy X
=0y T A
”

Hydration products

(©)

to the results presented in this paper. This is because compared
with traditional fibers, functionalized CNTs further increase the
matrix compactness and the interface bonding strength of the
UHPC [29,51], thereby improving the composite material’s struc-
tural integrity. As a result, the material phases are more uniform,
and multiple cracking is induced inside the UHPC matrix (c) and
(d). However, a large number of microcracks at high strain rates
inevitably require the CNTs to induce the fiber-bridging effect,
which, in turn, obstructs the propagation path of microcracks
and therefore weakens the dynamic embrittlement of UHPC. All
the above phenomena show that functionalized CNTs, especially
carboxyl-functionalized CNTs, significantly enhance the impact
resistance of UHPC.

3.1.3. Dynamic compression toughness

The impact resistance of UHPC mainly depends on its energy
consumption before destruction. Therefore, the dynamic impact
toughness and IDE were calculated to characterize the anti-
impact properties of UHPC, as shown in Fig. 6. The dynamic impact
toughness, as a comprehensive measure of the strength and ductil-
ity of a material, is obtained by integrating the stress-strain curve
[59]. The IDE reflects the energy dissipated by the stress wave dur-
ing material failure and is calculated according to Eq. (3) [60].

/

where T is the time when the UHPC specimen is completely
destroyed. 7; and 7, are time delays of reflected and transmitted
pulses, respectively.

AEc T

IDE = ——F—
Aunpclunpc

[i‘:in(t)2 - 81’e(t + T )2 - Str(t + T2)2 dt (3)

0
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Fig. 6 indicates that, within the comparable strain rates, all
types of functionalized CNT-modified UHPC show higher dynamic
impact toughness and IDE than the control UHPC (CO). This
becomes more evident as the CNT content increases. Specifically,
in the strain rate range of 200-800 s~!, incorporating hydroxyl-
functionalized CNTs increases the impact toughness and IDE of
the control UHPC (CO) by 101.6% and 89.0%, respectively, while
incorporating carboxyl-functionalized CNTs increases the two
toughness indexes of the control UHPC by 106.2% and 94.6%. Com-
pared with ordinary CNTs, functionalized CNTs can further
improve the dynamic impact toughness and IDE of UHPC by 5.5%
and 16.8%, respectively.

From the perspective of energy dissipation, the initial cracks or
small holes in the concrete material could hinder the propagation
of the stress wave, causing energy attenuation during the propaga-
tion process [61]. Compared with the control UHPC, the incorpora-
tion of functionalized CNTs can increase the energy dissipation of
the UHPC mainly from two aspects: on the one hand, functional-
ized CNTs, as viscoelastic materials, exhibit a time delay in their
mechanical response, which can transform the Kkinetic energy
caused by impact into strain energy and dissipate it in the form
of heat energy [62]. On the other hand, the increased surface acti-
vation points of functionalized CNTs enhance the interfacial bond
strength between the nanotubes and the cement matrix, thereby
increasing the cohesive force of the UHPC [63]. In addition, the
interlaminar slip and structural fracture of the functionalized CNTs
themselves and the viscous friction between the nanotubes and
the UHPC matrix further absorb the strain energy released by
matrix cracking, significantly increasing the energy absorption
capacity of the UHPC. Eventually, the energy consumption of the
material increases, and the stress wave dissipation intensifies.
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Fig. 6. (a) Impact toughness and (b) IDE of UHPC with different types and contents
of CNTs.

3.2. Reinforcing mechanisms of functionalized CNTs

The external properties of concrete composites are determined
by the hardened cement paste. The hardened cement paste is pri-
marily influenced by its microstructure, including its pore struc-
ture and the physical morphology of hydration products. Studies
have found that the destruction of concrete composites mostly
involves the gradual development of internal microscopic cracks
and defects, which eventually expand to macroscopic cracks
[64,65]. If nanoscale cracks can be reduced and the development
of microscale cracks can be prevented, the propagation of macro-
scale cracks can be considerably avoided [66,67]. Therefore, the
physical morphology of hydration products was further observed
by SEM, and the pore structure of UHPC was characterized using
LF-NMR technology. In this way, the microstructure of UHPC was
investigated, and the modification mechanism of the functional-
ized CNTs was determined.

3.2.1. Micromorphology of UHPC

Fig. 7(a) shows the aggregate-matrix interfacial transition zone
(ITZ) of UHPC containing different types of CNTs. The correspond-
ing micromorphology of the UHPC matrix is shown in Fig. 7(b).

As shown in Fig. 7(a), UHPC modified with CNTs (including ordi-
nary and functionalized CNTs) has a narrower gap between the
aggregate-matrix interface than the control UHPC without CNTs.
In particular, when carboxyl-functionalized CNTs are incorporated,
the interface gap almost disappears and the hydration products
near the ITZ appear in the form of a three-dimensional braided net-
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work. This implies that the presence of functionalized CNTs signif-
icantly improves the weak area of the UHPC, enhancing the
interfacial bonding of the UHPC matrix and increasing the struc-
tural integrity of UHPC. As shown in Fig. 7(b), a large number of
stacked plate-like calcium hydroxide crystals appear in the control
UHPC, and the size of calcium hydroxide crystals is generally
greater than 10 um. However, with the incorporation of CNTs, cal-
cium hydroxide crystals with sizes smaller than 5 pum appear in the
UHPC matrix and are distributed randomly. The aforementioned
phenomena indicate that CNTs, particularly functionalized CNTs,
can control the crystallization process of hydration products and
adjust their microscopic morphology. In this manner, the cracks
along the fracture path of the crystals inside the UHPC become
more tortuous, and the toughness of UHPC is significantly
enhanced.

The regulation of hydration products by functionalized CNTs
can be explained from two aspects. First, the strong adsorption of
functionalized CNTs enables large amounts of free water in the
UHPC matrix and ITZ to be absorbed, limiting the growth space
of calcium hydroxide crystals and decreasing the orientation
degree of calcium hydroxide crystals [40]. Second, functionalized
CNTs with high specific surface areas and large aspect ratios can
be enriched in the ITZ, firmly bonding the nanotubes to the hydra-
tion products and the ITZ [68]. Additionally, for carboxyl-
functionalized CNTs, the carboxylate groups on the surface of the
nanotubes can bond with Ca** and decrease the concentration of
Ca%" in the C-S-H gel [69,70]. As a result, the Si-O-Ca-0-Si coor-
dination bond in the C-S-H gel structure is broken, and a new net-
work with nanotubes as nodes is formed in the concrete matrix to
attract more nanoscale C-S-H gels, as shown in Fig. 8. In this man-
ner, the ITZ width inside the UHPC decreases, and the compactness
and network structure of the UHPC matrix are significantly
enhanced.

3.2.2. Pore structure characteristics of UHPC

Although it is reasonable to assume that UHPC has a continuous
pore size distribution [71], the multi-exponential inversion is
widely determined to obtain the discrete components of concrete
material [72-75]. According to Mehta and Monteiro [76], pores
with different characteristic radii in C-S-H can be classified as
interlayer pores (0.22-0.48 nm), gel pores (1.69-2.33 nm), and
capillary pores (greater than 2.5 nm). Inner C-S-H pores include
interlayer pores and gel pores, while outer C-S-H pores include
fine and coarse capillary pores [67,76]. Therefore, this study first
derives the continuous pore size distribution of UHPC and then
identifies the discrete characteristic pores. In this regard, the pore
structure characteristics of the UHPC are quantified, and the mod-
ification mechanisms of the functionalized CNTs are fully under-
stood. The experimental results, including the porosity and
equivalent pore radius of UHPC, are shown in Figs. 9(a)-(c). The
modification mechanisms of functionalized CNTs on the pore
structure are shown in Fig. 9(d).

As shown in Fig. 9(a), functionalized CNTs do not significantly
change the pore size distribution of UHPC, and the pores are still
distributed in the size range of 0.1-10 nm and 10-1000 nm. How-
ever, with an increase in the functionalized CNT content, both the
porosity and critical pore radius of UHPC remarkably decrease by
5.5%-24.0% and 0-24.2%, respectively. This means that the provi-
sion of functionalized CNTs fills the pores inside the UHPC and
refines the pore size.

Figs. 9(b) and (c) indicate that, although the presence of func-
tionalized CNTs decreases the inner and outer porosity of C-S-H,
resulting in a denser C-S-H gel, it also causes significant fluctua-
tions in the sizes of different characteristic pores inside the C-S-
H. Specifically, the equivalent radii of both the interlayer and gel
pores of C-S-H decrease due to the presence of ordinary CNTs,
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but this phenomenon gradually reverses with the provision of
functionalized CNTs, particularly the short ones. This means that
the CNTs do not simply fill and refine the pores, but more impor-
tantly, they change the microstructure of hydration products by
inducing local contraction or expansion of C-S-H. Ordinary CNTs
tend to induce structural shrinkage of the C-S-H gel, while func-
tionalized CNTs tend to expand the interlayer spacing of the gel
structure. These small structural changes in the C-S-H gel signifi-
cantly affect the macroscopic properties of UHPC.

The improved pore structure of UHPC results from the forma-
tion and deposition of hydration products [77], which can be
achieved by the nucleation effect of CNTs [20,29,30,40]. It should
be noted that CNTs with a small size and high specific surface area
can absorb the surface water of the C-S-H and increase the inter-
action force between the pore wall and water molecules inside the
C-S-H layers. Consequently, the C-S-H layers surrounding the
pore water become compact, and structural shrinkage of the C-
S-H gel occurs [78]. Unlike ordinary CNTs, functionalized CNTs,
particularly carboxyl-functionalized CNTs, can further reduce the
attraction of the negatively charged silicate tetrahedron [Si04]*~
to Ca%* in the intermediate layer of C-S-H through absorption of
Ca?". As a result, the absorbed Ca®* forms a new silicon chain with
the silica tetrahedron, resulting in the expansion of the intermedi-
ate C-S-H layer. The corresponding mechanism has been reported
in the literature [79,80]. In addition, an increase in the negative
pore water pressure causes the functionalized CNTs (especially
the short ones) to release their own stored water. In this process,
the interlayer pores and gel pores with a larger specific surface
area first absorb moisture, and the disjointing pressure of water
drives the contacting C-S-H layers to separate and expand again
[81,82].

3.3. Dynamic damage constitutive model

3.3.1. Model formulation
Studies have shown that concrete materials have viscoelastic
hysteresis and strain rate characteristics under dynamic impact
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loading. To reflect the dynamic stress-strain behavior of concrete
accurately, the ZWT model was selected in this study, as expressed
in Eq. (4) [60]. The ZWT model is a typically nonlinear-viscoelastic
dynamic constitutive model. It is based on the elastic model and
considers the viscous effect, which is consistent with the dynamic
mechanical behavior of concrete materials in this work [60,83].

t

t0_11) +E, /0 éexp (— t 0 T) dt
where f.(¢) represents the stress-strain behavior of the nonlinear
spring and is expressed as f.(&) = Eo¢ + pe* + ne®; Eo, u, and 5 are
the elastic constants; E; and E, represent the elastic modulus of
the low-frequency and high-frequency Maxwell elements, and 0,
and 0, are the relaxation times of these two Maxwell elements [60].

Considering the transiency of the loading process (1076-103 s
loading time) and the small deformation of concrete materials, the
ZWT model can be simplified to Eq. (5).

t
g = E0+E2/
0

where the relaxation time of the low-frequency Maxwell element is
ignored and the nonlinear rising section of the stress—strain curve is
simplified to linear rising [83].

It is known that the damage development of concrete-like
materials is essentially attributed to the initiation, propagation,
and mutual penetration of cracks. To reflect the material damage
with the increase in stress/strain, the damage factor is introduced
into the dynamic compression model as shown in Eq. (6) [84]. Con-
sidering that the damage factor satisfies the two-parameter Wei-
bull statistical distribution [85] as expressed in Eq. (7), the
simplified ZWT model is finally revised to Eq. (8).

om = 0(1 —D) + Dk

=
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where m, k, and o are the damage parameters, which are deter-
mined by the matrix strength and the functionalized CNT content.
& is the strain threshold, which is 70% of the peak strain.

Om =

3.3.2. Verification of model

The comparison between the experimental and fitting results of
the dynamic compression constitutive model of the functionalized
CNT-modified UHPC is shown in Fig. 10. The corresponding fitting
parameters of the constitutive UHPC model are listed in Table 3. As
shown in Fig. 10, during the entire dynamic compression loading
process, the fitting results of the dynamic damage constitutive
model of UHPC were in good agreement with the experimental
results. Overall, the initial elastic modulus of the functionalized
CNT-modified UHPC is higher than that of the control UHPC, and
the damage parameters of UHPC vary with the change in strain
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rate. Therefore, the constitutive model presented in this study
can effectively characterize the dynamic compression behavior of
functionalized CNT-modified UHPC, which conforms to the vis-
coelastic properties of the material and has a damage mechanism
similar to that of fiber-reinforced concrete.

4. Conclusions

In this study, the anti-impact properties of UHPC reinforced
with different types and lengths of functionalized CNTs (including
carboxyl-functionalized and hydroxyl-functionalized CNTs) were
characterized using the SHPB test. Further, the hydration product
morphology and pore structure characteristics of functionalized
CNT-modified UHPC were analyzed using SEM and LF-NMR tech-
nologies. Eventually, the modification mechanisms of functional-
ized CNTs on UHPC were revealed, and the dynamic mechanical
behaviors of UHPC were verified by the established dynamic dam-
age constitutive model. The conclusions are as follows:

(1) Under the strain rate range of 200-800 s~ ! and CNT content
of 0.25%-0.50%, all the types of incorporated functionalized CNTs
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significantly enhance the anti-impact properties of UHPC. Specifi-
cally, the fiber bridging and network enhancement of functional-
ized CNTs reduce the crack propagation and confining pressure
effect of the UHPC, resulting in a decrease in the strain rate sensi-
tivity. The bridging, fracture, and pull-out of functionalized CNTs
change the damage mechanism of UHPC from simple matrix crack-
ing to fiber breakage, significantly improving the energy absorp-
tion ability of UHPC.

(2) Among all the types of functionalized CNTSs, carboxyl-
functionalized CNTs, especially the short ones, significantly
improve the anti-impact performance of UHPC. This is closely
related to the higher surface activity and better dispersibility of
the nanotubes, which promote cement hydration and improve
the matrix network structure. Overall, the dynamic compressive
strength and peak strain of UHPC can be increased by 9.7% and
131.4%, respectively, owing to the presence of functionalized CNTs,
while the increase in impact toughness and IDE of UHPC reaches
5.5% and 16.8%, respectively, with respect to UHPC with ordinary
CNTs.

(3) SEM observations show that the incorporation of functional-
ized CNTs can control the crystallization process of hydration prod-
ucts and adjust their physical morphology, which improves the ITZ
of the aggregate matrix and also enhances the network structure of
the UHPC matrix. LF-NMR characterization shows that functional-
ized CNTs reduce the porosity and pore size of UHPC; meanwhile,
they induce structural contraction or expansion of C-S-H by

changing the surface water content of the C-S-H. The strong
absorption of Ca?* by carboxyl-functionalized CNTs changes the
C-S-H gel structure in a better way than hydroxyl-functionalized
CNTs and ordinary CNTs. In this manner, the cracks along the frac-
ture path inside the UHPC become more tortuous, and the tough-
ness of UHPC is significantly enhanced.

(4) Functionalized CNTs, especially the short ones, are superior
to ordinary CNTs in improving the anti-impact properties of UHPC
and can approach or even exceed the improvement in impact per-
formance of concrete brought by high steel fiber content. This is
closely related to their high hydrophilicity, high wettability, and
strong interfacial bond. In this way, the dispersion of functional-
ized CNTs inside the UHPC matrix is improved, and the composite
efficiency and effect between the nanotubes and the material
matrix are increased.

(5) The fitting results of the established dynamic damage con-
stitutive model are highly consistent with the experimental
results, indicating that the proposed constitutive model can effec-
tively represent the dynamic compressive mechanical properties of
functionalized CNT-modified UHPC. This implies that the mechan-
ical behavior of this type of concrete material still satisfies the vis-
coelastic mechanics and statistical damage theory.

The chemical bonding and physical junction between the func-
tionalized CNTs and UHPC matrix together with the effect of func-
tionalized CNTs on the microstructure of hydration products
significantly enhance the anti-impact properties of UHPC. The
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Fig. 10. Experimental and fitted stress-strain curves of UHPC with different types and contents of CNTs.

Table 3
Fitting parameters of ZWT model.

Code Strain rate e (x 1073) Eo (GPa) E, (GPa) 05 (ps) m(x 1073) o k
(s™")

Cco 210 15.9 2.46 35.85 213 16.15 6.54 19.98
510 8.5 5.63 10.42 2.11 18.51 2.68 8.94
800 4.3 20.07 24.87 8.89 36.20 0.72 47.06

CH1 225 114 10.22 0.24 0.61 13.32 1.81 28.90
490 5.8 3.62 36.57 2.25 43.61 1.85 49.61
830 3.7 57.55 22.72 7.68 4433 0.85 18.74

CH2 275 10.4 8.18 2.16 0.86 20.51 2.06 25.39
500 5.1 25.78 15.68 6.14 13.83 0.50 63.47
760 6.4 26.63 17.65 0.24 23.32 0.66 13.62

CSH1 240 10.1 7.63 9.80 2.02 80.31 0.36 14.84
485 3.7 25.17 31.18 2.71 32.85 0.99 7.75
775 33 30.57 38.76 333 67.12 2.10 49.56

CSH2 214 9.2 10.14 461 0.39 20.77 2.01 38.17
580 4.4 17.86 22.14 2.32 60.01 3.04 46.16
780 6.4 17.56 21.75 3.01 47.51 2.02 53.96

CC1 190 8.7 9.09 11.25 0.36 12.95 2.72 54.49
490 7.5 14.12 17.49 0.18 49.71 2.11 56.67
775 6.4 15.78 19.54 141 64.00 4.16 38.46

cc2 225 9.0 6.31 8.83 0.48 19.85 4.51 43.63
540 3.9 20.41 25.28 0.93 13.71 1.03 40.15
760 6.6 15.61 19.33 1.09 45.75 1.94 52.07

Ccsc1 250 5.7 13.63 16.88 0.31 14.41 1.54 44.76
533 49 19.87 24.60 3.92 3.90 1.14 43.12
790 7.1 15.69 9.44 0.17 11.09 3.15 67.56

Csc2 160 7.6 10.67 13.21 0.56 10.36 0.52 16.30
480 3.0 8.24 10.20 3.39 46.81 0.78 53.39
800 2.0 35.06 43.15 1.79 55.13 235 63.18
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results of this study provide a theoretical basis for the application
of UHPC in special structures.
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