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Abstract: With the growing demand for sustainability
and rapid development of nanotechnology, nanocellulose
materials extracted from natural plants have attracted
great attention. The incorporation of nanocellulose mate-
rials leads to a change in viscosity and yield stress on
ultra-high performance concrete (UHPC). Rheological
parameters affect the mechanical strength and steel
fiber distribution of UHPC significantly. Therefore, it is
essential to adjust the matrix rheology within an appro-
priate range through nanocellulose materials. This study
aims to propose a novel method to optimize steel fiber
distribution and mechanical properties of UHPC by adj-
usting the matrix rheology with cellulose nanofibers
(CNFs) suspensions. The relationship among CNF con-
centration, steel fiber distribution, and the mechanical
properties of UHPC was established. Test results showed
that the failure mode of UHPC containing CNFs changed
from single cracking to multiple cracking, accompanied
by 11-23% enhancement in tensile strength. With the
increase of CNF concentrations, the probability density
distribution functions of steel fiber orientation showed
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the trend toward the distribution with a larger inclination.
The addition of CNF suspensions effectively reduced the
number of steel fibers settling to the bottom of the spe-
cimens. Scanning electron microscopy analyses dem-
onstrated that the nanoscale reinforcement by CNFs
was conducive to improving the mechanical properties
of UHPC.

Keywords: ultra-high performance concrete, matrix rheol-
ogy, fiber distribution, cellulose nanofiber, tensile per-
formance

1 Introduction

Ultra-high performance concrete (UHPC) is known for its
ultra-high compressive strength, high compactness, and
good durability. According to the curing method and the
type of raw materials, UHPC is classified into two cate-
gories, that is, UHPC200 and UHPC800. UHPC200 with
a compressive strength ranging from 120 to 230 MPa can
meet the strength requirement in most constructions [1].
These excellent properties arise from the large amounts
of steel fibers inside the UHPC [1,2]. The incorporated
steel fibers effectively bridge the cracks of the matrix,
allowing the damaged matrix to continue to carry the
load [3-5]. However, the crack-bridging effect of the steel
fibers is closely related to the fiber distribution [6-8]. A
poor fiber distribution will not only reduce the utilization
efficiency of steel fibers but also create aggregation or
vacancies inside the UHPC matrix, resulting in internal
defects of the material [9-11]. Therefore, it is important
to fully consider the influencing factors of the fiber dis-
tribution in the optimization of the mechanical properties
of UHPC. Numerous studies have shown that matrix
rheology has a significant effect on the orientation and
uniform dispersion of steel fibers [12,13]. Too high plastic
viscosity and yield stress are not conducive to the trans-
lation and rotation of steel fibers and adversely affect the
mechanical properties of UHPC, while too low plastic
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viscosity and yield stress cause the steel fibers to settle
significantly under gravity [14]. Based on the above ana-
lysis, it is essential to maintain the rheological proper-
ties of the UHPC matrix within an appropriate range to
obtain a uniform fiber dispersion and better mechanical
properties.

Concrete technology is moving towards sustainability
with the increasing demand for green development, in
the context of which plant fiber concrete has rapidly
emerged [15-17]. Cellulose nanofibers (CNFs) extracted
from plants are characterized by low toxicity, low envir-
onmental risk, low health risk, and biodegradability
[18,19], allowing them to outperform most nanomater-
ials in terms of sustainability and garner extensive
attention from researchers worldwide [20]. The existing
literature shows that the incorporation of nanocellulose
materials in cementitious composites can significantly
improve their mechanical properties [21], such as flex-
ural strength and fracture energies, and increase the
degree of cement hydration. The flexural strength of
normal concrete with CNFs improved by 169.7% com-
pared to that of concrete without CNFs [22]. CNFs also
contribute to the freezing-thawing resistance of normal
concrete. The mass loss of concrete with CNFs after 100
freezing-thawing cycles was measured as 0.02%, which
was 58 times lower than that of the control group [23]. In
view of their hydrophilicity and hygroscopicity, cellu-
lose materials can act as an internal water source for
cementitious composites [24,25], reducing the number
of microcracks and the autogenous shrinkage during the
hydration and curing process [26]. In addition, after
being incorporated, cellulose fibers can improve the
consistency and uniformity of the fresh mixture and
enhance the stability of the mixture due to their flexibility
and entanglement. This influence can be regarded as the
effect of a viscosity modifying agent (VMA) [27,28].

At present, cellulose materials are mostly used in
ordinary and self-consolidating concrete to adjust the
plastic viscosity and enhance the stability of concrete
[21,22]. However, there are few studies in the literature
on the application of CNF as VMA in UHPC. The relation-
ship among CNF concentration, steel fiber distribution,
and mechanical properties of UHPC remains uncertain.

Table 1: Chemical compositions of the cement and SF (wt%)
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On the one hand, the effective combination of CNFs and
UHPC can not only adjust the rheology of the UHPC
matrix but also improve the steel fiber distribution. On
the other hand, as a kind of nanofiber, CNFs can work
together with steel fibers for multiscale reinforcement of
matrix cracks to optimize the mechanical properties of
UHPC at low steel fiber contents.

This study aims to reveal the influence of matrix
rheology on the mechanical properties of UHPC from
the perspective of steel fiber distribution. The rheological
properties, mechanical performance, and steel fiber dis-
tribution were investigated experimentally. In this study,
the rheological properties of the UHPC matrix were adj-
usted by CNF suspension with various concentrations.
The steel fiber distribution was evaluated using X-ray
computed tomography (CT) scanning and cross-sectional
image processing techniques. The results of this study can
provide a basis for the use of CNFs as a VMA for UHPC,
highlighting the comprehensive relationship among the
CNF concentration, steel fiber distribution, and mechan-
ical properties of UHPC.

2 Experiment program

2.1 Raw materials

The cement used was Ordinary Portland cement (P.O
42.5R) with a specific surface area of 358.6 m?/kg in this
study. Silica fume (SF) was also utilized and the specific
surface area was 21,000 m?/kg. The chemical compositions
of cement and SF were listed in Table 1. Fine aggregate is
an important part of UHPC, and its fineness affects the
steel fiber distribution in the UHPC matrix. Thus, natural
river sand with a maximum particle size of 1.18 mm was
used. Two types of fibers were applied in UHPC mix-
tures, including steel fiber and CNF. Straight steel fiber
was used with a diameter of 0.2mm and a length of
13 mm. The tensile strength and elastic modulus of steel
fibers are 2,850 MPa and 210 GPa, respectively. CNF with
300-400 nm in length and 20-50 nm in diameter was

Compound Ca0 Sio, Al,05 Fe,03 MgO0 Na,0 K,0 SO; Loss of ignition
Cement 60.26 15.43 7.99 5.36 1.91 0.34 0.13 0.58 3.53
SF 1.20 92.74 1.12 0.79 0.27 - 0.56 — 2.10
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incorporated in UHPC mixtures. A polycarboxylate-based
superplasticizer (SP) with a greater than 25% water
reduction ratio was added to blend mixtures.

2.2 Mix ratio design

The mixture design of UHPC complied with the modified
Andreasen and Andersen packing model [1,3]. The mixture
proportions are listed in Table 2. According to previous
studies, cellulose products are used to adjust the viscosity
of cement-based material at low concentrations [21]. At
high concentrations, cellulose materials tend to cause
entanglement. For this reason, the suspension concentra-
tion range was set from 0.05 to 0.25%. In the table, the
label “R” refers to UHPC without a CNF suspension, the
number 0.05% in “0.05% CNF” indicates that the mass
of CNFs in the prepared suspension accounted for 0.05%
of the mass of the cementitious material, and the label
“CNF” refers to the UHPC incorporating CNF suspen-
sion. The other labels were defined similarly.

2.3 Cellulose nanofiber suspension
preparation

Due to its high efficiency, ultrasonic dispersion is consid-
ered a promising approach to nanomaterial dispersion
[29-31]. An ultrasonic disperser with 250 W in output
powder and 20 kHz in standard frequency was utilized to
prepare the CNF suspensions in this study. The CNF sus-
pension preparation process is shown in Figure 1. First, the
CNFs were sampled according to Table 2. Second, the
CNF suspension was pre-dispersed using a magnetic
stirrer with the temperature-controlled at 25°C and stir-
ring at a speed of 1,000 rpm for 5 min. After the magnetic
stirring, the stirring rotor was removed from the con-
tainer and the suspension was ultrasonically dispersed

Table 2: Mix design of UHPC mixtures in this study (kg/m?)
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using an ultrasonic disperser in work-stop-work mode
with a total working time of 15 min and a single working
time of 1 min (with the work continuing after stopping
for 30s). The purpose of this procedure was to reduce
the heat build-up and water evaporation due to a long
ultrasonic dispersion time. The CNF suspension was
obtained at the end of ultrasonic dispersion.

2.4 Rheological test

The vyield stress and plastic viscosity of the fresh UHPC
matrix (without steel fibers) were measured using an
RM100 rheometer. First, pre-shear was conducted for
10s at a rate of 10s7}, after which the changes in the
rheological parameters of the UHPC matrix were mea-
sured at 15 different shear rates. In the shearing stage,
the shear rate increase from 0 to 50s™ was divided into
10 stages. After reaching 5057, the shear rate increased
from 50 to 100s™ at increments of 10s™* every 4s, and
then decreased from 100 to 0s™* according to the same
variation pattern. The rheological testing protocol is shown
in Figure 2.

To better describe the nonlinear behavior of UHPC
with CNFs, the modified Bingham model was employed
to determine the rheological parameters of the UHPC
matrix [21,27,32]. The equation is described as follows:

T=T+ Uy +cy?, 1)

wherer is the yield stress (Pa), p,, is the plastic viscosity
(Pa:s), ¢ is the quadratic coefficient of the modified
Bingham model (Pa-s?), y' is the shear rate (s™).

2.5 Mechanical test

The compressive and flexural strength tests were conducted
using 40 mm x 40 mm x 160 mm prismatic specimens

Notation Cement SF Sand Water SP Steel fiber CNFs
R (control) 863 215.7 1078.5 169.5 32.4 156 0

0.05% CNF 863 215.7 1078.5 169.5 32.4 156 0.539
0.10% CNF 863 215.7 1078.5 169.5 32.4 156 1.079
0.15% CNF 863 215.7 1078.5 169.5 32.4 156 1.618
0.20% CNF 863 215.7 1078.5 169.5 32.4 156 2.157
0.25% CNF 863 215.7 1078.5 169.5 32.4 156 2.697
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Figure 1: Flow chart of CNF suspension preparation.
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Figure 2: Protocol for rheology test of UHPC matrix.

according to the European standard 196-1:2016. The
flexural strength test was carried out using three-point
mid-span loading with a span of 100 mm between the
supports [33,34]. The flexural toughness test complied
with American Society for Testing Materials C1018, and
the corresponding value obtained from the integration
of load-defection curves up to 6 mm was considered
the flexural toughness of specimens. The UHPC tensile
strength was measured by a direct tensile test using dog
bone-shaped specimens, each of which had a total
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Observation of CNFs in suspension

length of 300 mm, a width of 50 mm, a thickness of
30 mm, and a direct tensile section length of 100 mm.
The two ends of each specimen were connected to the
direct tensile section by an arc with a radius of 100 mm.
Before testing, the clamps for the direct tension were
fixed first [35], and then the frame of linear variable
differential transformers was installed. During the direct
tensile test, the strain contours of each group of speci-
mens in the direct tension direction were measured by
the digital image correlation (DIC) technique [36], and
the time history of the strain along the crack develop-
ment path was analyzed.

2.6 Evaluation of steel fiber distribution

In order to quantitatively analyze the distribution char-
acteristics of steel fibers, the distribution characteristics
of steel fibers in UHPC were divided into fiber orientation
and dispersion. A Tomoscope L 300 microtomography
(X-ray CT) with a 260 kV/250 pA tube was employed to
obtain the binary images of UHPC specimens. The sam-
ples for the X-ray CT scan were taken from the cross-
section near the fracture position of tensile specimens
after the direct tensile test [37]. 2D slices with pixel sizes
of 1,024 x 1,024 were provided for each sample. Based
on the obtained CT images, the minor axis, main axis,
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number, and sectional areas of the fiber cross-section were
recognized by the image processing software [38,39].
The fiber inclination 6 paralleled to the direction of ten-
sile load can be calculated by equation (2) [37].

d
0= arccos(—f),
a

where d; is the minor axis of fiber cross-section. Since the
steel fiber contour on the cross-section of the samples is
oval or circular, the measured minor axis of fiber cross-
section d; is the fiber diameter. a is the main axis of fiber
cross-section.

The corresponding probability density function p(6)
of steel fiber inclination can be expressed as follows [13].

p(6) = — {sin B} ~{cos 6321 ’
[om={sin 6} {cos 62416

@)

3

where r and g are the shape parameters.

Taking the steel fiber number and sectional areas into
consideration during the fiber dispersion evaluation, the
cross-section of samples was divided into four even rec-
tangular regions. The number and area of fibers in each
rectangular part were counted, respectively. The fiber
local dispersion coefficient y, is given by equation (4).

n; - Si
Y Z?:Jli : Si ’
where n; is the fiber number in the i-th part, and S; is the
fiber sectional area in the i-th part.

(4)

3 Results and discussion

3.1 Rheological properties

The CNF suspensions were prepared to improve the matrix
rheology of the UHPC. Figure 3 depicts the rheological
curves of the UHPC matrix with various concentrations
of CNF suspensions. The measured rheological properties
of the UHPC matrix with different CNF suspension con-
centrations are summarized in Table 3. The rheological
curves incorporated with CNF suspensions were in good
agreement with the modified Bingham model [13].

The comparison of the changes in rheological proper-
ties of the UHPC matrix after incorporating CNF suspen-
sions with concentrations of 0.05, 0.10, 0.15, 0.20, and
0.25% showed that five different concentrations of CNF
suspensions led to an increase in the yield stress of the
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Figure 3: Rheological curves of the UHPC matrix with various
concentrations of CNF suspensions.

UHPC matrix from 314.68 Pa to 368.61, 457.20, 492.97,
554.20, and 663.17 Pa, respectively, and plastic viscosity
from 13.90 Pa-s to 17.35, 18.97, 20.24, 22.08, and 25.44 Pa:s,
respectively. The above results indicate that CNF suspen-
sion significantly affected the rheological properties of the
UHPC matrix and the influence was greater on the yield
stress than plastic viscosity in terms of the variation range.
This experimental phenomenon was consistent with the
observations by other researchers [13]. Figure 3 also shows
that the UHPC matrix containing CNF suspensions exhib-
ited a high viscosity at low shear rates but the apparent
viscosity of the matrix decreased as the shear rate con-
tinued to increase. Such rheological behavior is called
shear thinning. A similar phenomenon has also been
reported before [27]. It is found that CNFs have the trend
of self-assembly, allowing CNFs to form a network [19,27].
The increase in viscosity when the UHPC was at a low
shear rate was attributed to the network formed by CNFs,
which means more external force was required to break
the CNFs network [40]. When a high shear rate was

Table 3: Rheological parameters of the UHPC matrix

Notation Plastic viscosity (Pa-s) Yield stress (Pa) R?

R 13.90 314.68 0.982
0.05% CNF  17.35 368.61 0.994
0.10% CNF  18.97 457.20 0.978
0.15% CNF  20.24 492.97 0.980
0.20% CNF  22.08 554.20 0.976
0.25% CNF  25.44 663.17 0.970
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adjusted, enough shear force pulverized the CNFs network
and the viscosity began to decrease [19,27].

3.2 Mechanical strength

The influence of CNF content on the basic mechanical
strength of the UHPC is shown in Figure 4. The incorpora-
tion of CNFs had little influence on the compressive
strength of UHPC at 28 days. For the compressive per-
formance of UHPC, the existence of steel fiber played a
significant role, while CNFs played an insignificant role.
The compressive strength of UHPC mainly depends on
the aspect ratio and volume ratio of steel fibers. The flex-
ural strength of the UHPC at 28 days was significantly
affected by the incorporation of CNFs, showing a trend
of first increase and then decrease. As illustrated in
Figure 4, the highest flexural strength was measured as
39.17 MPa for 0.15% CNF. Under a CNF suspension con-
centration of 0.25%, the UHPC had a flexural strength of
31.67 MPa, which was 19.15% lower than that of 0.15%
CNF. The reason is that a large number of air voids
were difficult to be removed and form pores within the
matrix, reducing the flexural strength of UHPC.

3.3 Flexural ductility

Ductility refers to the energy absorption capacity of mate-
rial during plastic deformation and fracture [41,42], and
it is a comprehensive index of ductility and strength.
Flexural ductility is one of the important reference

Compressive strength
Flexural strength
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Figure 4: Compressive and flexural strength of UHPC specimens.
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indices for evaluating the performance of fiber-reinforced
concrete [43]. Figure 5 shows the effect of CNF suspensions
with various concentrations on flexural performance. As
shown in Figure 5(a), the load-deflection curve of the
UHPC was roughly divided into three stages: a pre-crack
elastic stage, a crack development stage, and a post-
crack softening stage. As illustrated in Figure 5(b), at
the pre-crack elastic stage, a linear increase in flexural
load with deflection was observed. After the flexural
load reached the first cracking load, the UHPC speci-
mens were at the crack development stage and the
load increased nonlinearly with deflection. At the post-
crack softening stage, the curve exhibited a sudden drop
after the peak value, which was attributed to the pullout
of steel fibers [11].

Furthermore, the incorporation of CNFs significantly
improved the crack-bridging effect of fibers. The calcu-
lated results of the flexural toughness of each group of
specimens are shown in Figure 5(c). The flexural tough-
ness of UHPC with CNFs tended to increase first and then
decrease. The maximum increase in flexural toughness
was 66.77% under a CNF suspension concentration of
0.15%, which agreed with the trend of flexural strength
of UHPC. The reason is that when the CNF suspension
concentration was less than 0.15%, CNFs improved the
transition zone of the steel fiber/matrix interface at the
nanoscale by reinforcing the UHPC matrix, which effec-
tively bridged the microcracks and formed multi-scale
reinforcement with the steel fibers. Therefore, flexural
toughness increased with CNF concentrations. However,
as the CNF concentration continued to increase, the
increase rate of flexural toughness started to decrease.
Relative to that of 0.15% CNF, the flexural toughness of
0.20% CNF and 0.25% CNF decreased by 19.62 and
25.80%, respectively but the values were still higher
than that of R.

3.4 Tensile performance

The stress-strain curves of UHPC with different CNF con-
tents are shown in Figure 6. All the UHPC specimens
exhibited strain hardening behavior. In the elastic stage,
the tensile stress increased linearly with tensile strain
when in the range of 0.02-0.04%. In the strain-hard-
ening stage, the specimen reached the ultimate tensile
strength (op¢) during the process from the first cracking
strain (ef) to the ultimate tensile strain (gy). After this,
the stress decreased nonlinearly with the increase in ten-
sile strain in the strain-softening stage. The peak value of
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Figure 6: Tensile stress—strain curves of UHPC specimens.

tensile stress increased with the increase in the CNF
content. To compare the energy absorption capacity of
UHPC during the direct tensile test, the energy absorption
before strain softening (G,) was calculated, which refers
to the area of the stress-strain curve up to &p.

The results of the direct tensile tests are summarized
in Table 4 based on the stress-strain curves of each group
of the UHPC specimens. The tensile strength (oy,¢) of the
UHPC showed a trend of increase first and then decrease
with the increase in the CNF suspension concentration.
The oy of 0.15% CNF was 8.96 MPa, which increased by
23.25% compared to that of the control group. In addi-
tion, the incorporation of CNFs had little influence on the
g and &y UHPC. The first cracking strength (of) and
energy absorption before strain softening (G,) showed a
similar trend of first increasing and then decreasing. For
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Table 4: Test results of specimens with various concentrations of
CNF suspensions

Tunning matrix rheology of UHPC with cellulose nanofibers

Notation oyt (MPa) £y (%) o (MPa) & (%) Ga (kJ/m?)
R 7.27 0.34 511 0.02 21.44
0.05% CNF 8.38 0.31 8.15 0.02 25.54
0.10% CNF  8.44 0.30 8.22 0.03 26.81
0.15% CNF  8.96 0.33 7.59 0.03 26.51
0.20% CNF 8.14 0.31 6.87 0.03 21.83
0.25% CNF  8.10 0.32 6.40 0.03 21.43

0.10% CNF, the o and G, were 8.22 MPa and 26.81kJ/m?>,
which improved by 60.86 and 25.05%, respectively.
Three typical DIC results of UHPC with different CNF
contents are plotted in Figure 7. The strain in the g,
direction was measured by the DIC technique to reveal
the changes in the crack propagation of specimens. When
the CNF suspension was not incorporated into UHPC, the
control group R tended to have a straight crack propaga-
tion path and exhibited a single crack. When the CNF
suspension with a concentration of 0.15% was incorpo-
rated, the UHPC specimens presented double cracks, and
the crack propagation path tended to be tortuous. When
the CNF suspension concentration increased to 0.25%,

e=1.24%

e=0.02%  £=0.34%

=0.02%

£=0.32%

— 1577

the specimens also showed a failure mode of double
cracking and the crack propagation path became more
tortuous than that of 0.15% CNF.

Figure 8 shows the timeline of the strain along the
crack development path for three typical groups of UHPC.
In ascending order, the matrix cracking times were ranked
as follows: 0.20%, 0.25%, R, 0.15%, 0.10%, and 0.05%.
When the concentration was in the range of 0.05-0.15%,
CNFs delayed the cracking time and strain development
rate of the matrix. When the concentration increased to
0.20-0.25%, CNFs accelerated the cracking and strain
growth rate of the matrix. This is attributed to the fact
that when CNF suspension concentration was in the range
of 0.05-0.15%, the multiscale reinforcement of the matrix
by CNFs and steel fibers played a dominant role, thus
delaying the cracking time and strain development rate
of the matrix but such an effect decreased with an increase
in the suspension concentration. When the suspension
concentration increased to 0.25%, the deterioration of
the fiber distribution caused by the thickening of the
matrix played a dominant role, thus accelerating the
cracking and strain development of the matrix.

The scanning electron microscopy (SEM) results
showed the following. Significant cracks between the steel

€=0.33% e=1.17%
Y 0.150
0.131
0.113
0.094
0.075
0.056
0.038

0.019

e=1.07%

0.000

Figure 7: Evolution of the crack during the direct tensile test of (a) R; (b) 0.15% CNF; (c) 0.25% CNF.
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fibers and the UHPC matrix were observed in the control
group R, as shown in Figure 9(a). In Figure 9(b), it was
observed that the incorporation made the interfacial tran-
sition zone (ITZ) between the steel fiber and UHPC matrix
denser. This phenomenon coincided with the previous
literature [23]. The dense microstructure was attributed
to the filling effect of CNFs. In addition, CNFs were
hydrophilic and closely bonded with the UHPC matrix
to enhance the bonding of various components within
UHPC, improving the transition zone of the steel fiber-
matrix interface.

(a)
; UHPC matrix

15 kV x1000 50 pm

ITZ between fiber and matrix

(b)
UHPC matrix
4

ITZ between fiber and matrix

15kV x1000 50 pm

Figure 9: Morphologies of UHPC specimen without CNF and with
0.15% CNF. (a) ITZ between steel fiber and matrix of UHPC without
CNF. (b) ITZ between steel fiber and matrix of UHPC with

0.15% CNF.
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The role of fibers in fiber-reinforced cement-based
materials is to bridge cracks in the matrix and prevent
the further development of cracks [44]. Cracks existing
in UHPC can be classified into two categories, that is,
macrocracks and microcracks. CNFs can effectively inhibit
the propagation of microcracks, whereas steel fibers
exhibit better performance in the prevention of macro-
cracks [45]. Figure 10 presents the SEM image of 0.15%
CNF. Several fine filaments bridging cracks within the
matrix were observed, indicating that CNFs as a type of
fiber can effectively bridge macrocracks through nanos-
cale reinforcement of the matrix. Moreover, CNFs can
also interact with hydration products containing hydrogen
atoms through the OH™ groups, improving the bonding
between CNFs and matrix [46,47]. The above results reveal
that the incorporation of CNFs can optimize the mechan-
ical properties of UHPC by enhancing the compactness of
ITZ and bridging the cracks within the UHPC matrix.

3.5 Fiber distribution

In an ideal orientation distribution of steel fibers, all the
steel fibers are parallel to the longitudinal direction of
specimens, resulting in the largest bridging efficiency of
fibers [37,39]. To further explore the variation of steel
fiber distribution of UHPC after adding CNF suspensions
with various concentrations, three groups of specimens
(R, 0.15% CNF, and 0.25% CNF) were selected for X-ray
CT scanning. The steel fibers' spatial distribution of UHPC
is shown in Figure 11. It is worth noting that the distri-
bution density of steel fibers located at the bottom of
specimens decreased with the increase of CNF contents,
implying that the increased plastic viscosity reduced the
number of sinking steel fibers under gravity.

The probability density distribution functions of
steel fiber inclination of UHPC specimens with different
CNF concentrations are shown in Figure 12. The fiber

UHPC matrix

15kV x10000 5 pm

Figure 10: SEM image of 0.15% CNF. The image shows that CNFs
bridged the crack within UHPC matrix.
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Figure 11: Steel fibers spatial distribution of UHPC specimens with various matrix rheology. The distribution density of steel fibers at the
bottom of specimens decreased with the increase in CNF concentrations.

orientation of R and 0.15% CNF specimens tended to be
symmetrically distributed, while the fiber orientation of
0.25% CNF specimens tended to have a right-skewed
distribution. When the CNF suspension with a concentra-
tion of 0.15% was incorporated, the probability of steel
fibers in the range of 0.4-0.8 rad had a higher degree of
aggregation than that of R. When the CNF suspension
concentration increased to 0.25%, the probability density
distribution curve of the steel fiber orientation tended to

shift toward larger inclinations. The above analyses indi-
cated that CNF suspension with a concentration of less
than 0.15% improved the orientation of steel fibers in
UHPC to a certain extent. Compared to the control R and
0.15% CNF specimens, when the suspension concentration
continued to increase, the thickening of the UHPC matrix
was not conducive to the orientation arrangement of steel
fibers in UHPC, resulting in an overall shift of the curve
of 0.25% CNF specimens toward large inclinations.
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Figure 12: Probability density distribution of steel fiber inclination.
The increase of steel fiber distribution probability in the inclined
angle interval ranging from 0.4 to 0.8 rad indicates that the orienta-
tion has been optimized after adding CNF suspensions.

The changes in the rheological properties of the
UHPC matrix affected not only the orientation arrange-
ment but also the uniform dispersion of the steel fibers in
UHPC. To further investigate the role of matrix rheology
in the local dispersion of steel fibers, the local fiber dis-
persion coefficient y, for each part of the specimens was
calculated. Figure 13 shows the steel fiber local distribu-
tion on the cutting cross-section of samples. The aggre-
gation and vacancy of steel fibers are distinguished by
the depth of blue colors. The y; value approaching 0.25
means that steel fibers tend to disperse uniformly. Based
on the color depth of different regions of investigated
UHPC, it was found that the control group R exhibited sig-
nificant fiber aggregation at S4. The 0.15% CNF specimens

0.4000

0.25% CNF
0.3400
- 0.2800

0.15% CNF
- 0.2200
r 0.1600

R
0.1000

S1 S2 S3 S4

Figure 13: Steel fiber local distribution on the cutting cross-section
of UHPC. The aggregation and vacancy of steel fibers are distin-
guished by the depth of blue colors. The darker color indicates
that large amounts of steel fibers are dispersed in the region.
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had a consistent fiber dispersion in each region, while the
0.25% CNF specimens showed slight fiber vacancies at S3.
Results demonstrated that the incorporation of CNFs
suspensions effectively reduced the number of steel
fibers sinking to the bottom of specimens under gravity
by adjusting the matrix rheology. The effect of CNF sus-
pensions on steel fiber distribution can explain the var-
iation of of and G, in Section 3.4.

4 Conclusion

In this study, the rheological parameters of UHPC were
adjusted by adding CNF suspensions at a low concentra-
tion. The compressive strength, flexural strength, and
toughness of UHPC containing CNFs were investigated.
Tensile strength, energy absorption before strain soft-
ening, and timelines of the strain along the cracking
path were used to evaluate the tensile performance of
UHPC. The morphologies of UHPC containing CNFs and
steel fiber spatial distribution were characterized by SEM
and CT, respectively. Test results showed that CNF can
significantly increase the plastic viscosity and yield stress
of UHPC. With the increase in CNF concentration, the
flexural strength and toughness of UHPC increased first
and then decreased. For UHPC with 0.15% CNF, the cor-
responding flexural toughness increased by 66.77%. The
direct tensile failure mode of the UHPC changed from
single cracking to multiple cracking after adding CNFs.
CNFs at low concentrations ranging from 0.05 to 0.15%
can delay the cracking time of matrix and strain develop-
ment rate on the cracking path. The microscopic results
showed that the addition of the CNF suspension improves
the compactness of the internal structure of UHPC, and the
CNFs bridge and fill the microcracks of the matrix. The
quantitative analyses of the fiber distribution indicate
that UHPC with CNFs obtained more uniform steel fiber
dispersion, which was attributed to the reduction in the
number of steel fibers settling to the bottom of speci-
mens. Owing to the increased viscosity caused by CNF
suspensions, the probability density distribution curves
of steel fiber orientation were observed to show the
trend toward the distribution with a larger inclination.
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