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This study investigated the feasibility of using nanofibrilliated celluloses (CNF) (0.1% by
weight of binder materials) with three oxidation degrees, no oxidation (NCNF), low
oxidation (LCNF), and high oxidation (HCNF), as a viscosity-modifying agent (VMA) to
develop polyethylene fiber (PE)-engineered cementitious composites (ECC). Attenuated
total reflection-Fourier transform infrared (ATR-FTIR), dynamic light scattering (DLS), and
zeta potential were performed to characterize the properties of the CNF with different
oxidation degrees. More stable CNF suspensions could be obtained due to the increasing
oxidation degree. Rheology tests showed that CNF replacing VMA could modify the plastic
viscosity and yield stress of the fresh matrices. With increasing the oxidation degree of
CNF, a significant enhancement was seen for the rheological parameters. It was
conducted that CNF could increase the compressive strength, the tensile stress, the
nominal flexural strength, and the fracture toughness compared with ECC using VMA, and
much higher oxidation degrees yielded higher enhancements (HCNF > LCNF > NCNF).
ECC using CNF to replace VMA also achieved ultra-high ductility behavior with the tensile
strain of over 8% and the saturated multiple cracking pattern. These finds were
supplemented by thermal gravimetric analysis (TGA), which showed that the degree of
hydration increased with increasing CNF surface oxidation degree. Additionally, the
morphology images of PE fibers were observed by scanning electron microscope (SEM).

Keywords: polyethylene fibers, engineered cementitious composites, nanofibrilliated celluloses, rheology,
ultra-high ductility, fracture toughness

INTRODUCTION

Engineered cementitious composites (ECC) are a type of cement-basedmaterials with high ductility, which
belongs to the range of fiber-reinforced cementitious composites (FRC). ECC was developed by using
binder materials and fine aggregates, mixing with chopped fibers of about 2% volume, and designed
according to the theory of fracture mechanics and micromechanics, so as to achieve the high ductility of
cement-based materials (Li, 2019). Polyvinyl alcohol (PVA) fibers are used mostly to prepare ECC, which
can usually achieve ultimate tensile stress of 3–5MPa and tensile strain of 1%–5% (Yang et al., 2007; Wu
et al., 2018; Zhang et al., 2020). Due to the hydrophilicity of the surface of PVA fibers, a strong chemical
bond will be formed between fibers and matrices. When cracks appear under the tensile load, the load is
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transferred from PVA fibers to the surrounding matrices, and fibers
rupture easily due to the existence of the chemical bond during the
debonding process of PVA fibers. The energy generated by the
ruptures of fibers is less than that generated by the sliding friction
of fibers (Pereira et al., 2012), weakening the bridging ability of PVA
fibers, thereby limiting the improvement of the strength and ductility
of ECC. Recently, using high-strength and high-elastic modulus
polyethylene (PE) fibers to develop ECC has become a hot topic
(Yu et al., 2017, 2018; Li et al., 2019). Compared with PVA fibers, the
surface of PE fibers is hydrophobic and has higher nominal tensile
strength and nominal tensile modulus of elasticity, and then PE fibers
embedded in matrices have a higher bridging ability (Wang et al.,
2020b), breaking through the limitations of PVA-ECC. The strain-
hardening characteristics of ECC are attributed to the bridging effect
of fibers, and the uniform dispersion of fibers in matrices is an
important prerequisite to achieve this excellent property. The
rheological properties of the fresh ECC matrices affect strongly
the fiber dispersion uniformity, and it is necessary for combining
rheology with ECC micro-design theory to achieve the high ductility
of cementitious composites (Li and Li, 2013).

Recently, nanotechnology, an advanced field in science and
technology, has been transforming into the field of cement-based
materials. Various types of nanomaterials have been applied for
improving the mechanical and durability of cement-based materials.
Nanofibrilliated celluloses (CNF), as a nature-based resource, are
prevailing in reinforcing composite materials (Kang et al., 2018). It is
expected to provide a new idea for developing eco-friendly high-
performance cement-based materials. CNF is generated by attacking
amorphous regions of celluloses (from plant and tree resources), and
it has several characteristics such as high aspect ratio, high surface
area, low density, and high stiffness compared with other
nanomaterials. The properties of CNF composites depend partly
on the chemical functionalized surface of CNF (Klemm et al., 2011); a
lot of alternate surface chemistries can be obtained due to the
difference in the method of degradation, such as sulfate ester,
hydroxyl, and acetyl. Additionally, plenty of hydroxyl groups exist
on the surface of CNF produced by mechanical methods, and these
can be converted to carboxylate groups using TEMPO-mediated
oxidation treatments (Xu et al., 2014). On the basis of the surface
chemistries of CNF, it is proven that CNFhas the ability tomodify the
rheological properties of cement-based materials (Hisseine et al.,
2018a; Montes et al., 2020), and improves the mechanical properties
(Hisseine et al., 2018b; Ez-zaki et al., 2021).

Viscosity-modifying agent (VMA) based on cellulose ethers, such
as hydroxyethylmethyl cellulose (HEC) or hydroxypropylmethyl
cellulose (HPMC), is commonly used to improve the workability
and stability of the fresh concrete mixture. In terms of ECC, VMA as
an admixture was added to adjust the rheological properties of the
fresh matrices for achieving a uniform dispersion of fibers in
previous studies (Wang et al., 2020a; Wang et al., 2020b)
considering that CNF also can impact the rheological
performance of the fresh paste, and it is reported that CNF
results in the enhancement of the microstructure and mechanical
properties of cement-based materials (Ghahari et al., 2020; Hisseine
et al., 2020). In this study, CNF, regarded as an alternative to
common VMA, was used to develop and reinforce ECC. The
effect of the different surface chemistries, oxidation degrees, of

CNF on the performances of ECC was compared. CNF with
three oxidation degrees, including no oxidation (NCNF), low
oxidation (LCNF), and high oxidation (HCNF), was selected, and
the properties of CNF were characterized by attenuated total
reflection-Fourier transform infrared (ATR-FTIR), particle size
distribution, and zeta potential. A constant CNF content of 0.1%
by weight of binder materials was set to produce ECC. The
rheological behavior was performed by using the plastic viscosity
and yield stress of the fresh ECC matrices, conforming to the
Modified Bingham model. A series of mechanical tests consisting
of compressive strength, tensile properties, and fracture properties
were evaluated at 28 days. In addition, thermal gravimetric analysis
(TGA) was conducted to quantify the degrees of hydration of
matrices at 28 days.

MATERIALS AND METHODS

Materials
Basic Materials
Ordinary Portland cement (OPC) 52.5 grade, fly ash (FA), and
silica fume (SF) were adopted as binder materials, and Table 1
summarizes their chemical compositions. The quartz sand with a
particle size of no more than 0.21 mm was selected as the fine
aggregate. The particle size distributions of OPC, FA, SF, and
sand are shown in Figure 1. Polyethylene (PE) fibers were added
to reinforce matrices, and the nominal properties of PE fibers
were as follows: the diameter and length were 24 μm and 18 mm,
respectively, with a density of 970 kg/m3. The tensile strength and
elastic modulus were 2,900 MPa and 116 GPa, respectively, and
the elongation was 2%–3%. Polycarboxylate superplasticizer (SP)
was used to adjust the workability of the fresh mixtures. VMA-
based hydroxypropylmethylcellulose (HPMC) was introduced to
promote the dispersion of fibers.

Surface Functionalized Nanofibrillated Celluloses
Nanofibrillated celluloses (CNFs), extracted from pulps, with
different surface oxidation degrees were provided by the
Shengquan Group Company, Jinan, China, and they were
divided into no oxidation, low oxidation degree, and high
oxidation degree. The CNF was a colloidal suspension form
with a solid content of 0.6%.

Mixture Proportions and Procedures
The mixture proportions were designed and listed in Table 2.
Each mixture proportion was named ECC-0.1xCNF, where x
represents the oxidation degree, dividing into H (high oxidation
degree), L (low oxidation degree), and N (no oxidation). CNF was
added to matrices at the same content of 0.1% by the total weight
of binder materials. To more uniformly disperse the CNF
suspensions in the mortar, they must be homogenized in
advance by magnetic stirring and ultrasonic dispersion in
water (Cao et al., 2016).

Dry materials including OPC, FA, SF, and sand were mixed
for 2 min. For ECC-Ref, water and SP were gradually added
into the dry materials and mixed for another 8 min. VMA was
needed to add into the fresh matrices and mixed continually
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for 2 min. For ECC-CNF, water, SP, and CNF suspensions
were added into the dry materials and mixed for another
8 min. Then, the fresh matrices reached a homogeneous
condition. Finally, PE fibers were slowly poured into the
mixture, and quickly mixed until fibers were uniformly
dispersed. The fresh ECC was cast into molds and
demolded after 48 h. All specimens were cured in water at a
temperature of 20 ± 2°C until 28 days.

Tests
Attenuated Total Reflection-Fourier Transform
Infrared (ATR-FTIR)
CNF suspensions should be dried into a thin film. ATR-FTIR
analyses of CNF were conducted using the iS50 FT-IR
spectrometer (ThermoFisher Scientific, United States). FTIR
spectra were recorded in the wavenumber range of
4,000–450 cm−1 with a resolution of 4 cm−1 and 32 scans.

Particle Size Distribution and Zeta Potential
Base on the dynamic light scattering (DLS), the particle size
distribution and zeta potential were conducted by a zetasizer
nano series instrument (Malvern, United Kingdom). The CNF
suspensions were dispersed ultrasonically before tests, and the
solid content was 0.3%. Then, the sample was analyzed under the
following conditions: water refractive index 1.3328, viscosity
0.8827 cP, and temperature 25°C.

Scanning Electron Microscope
SEM was taken to observe the morphology and surface of PE
fibers, and samples for SEM were prepared from the fractured
section of tensile tests.

Rheology
The rheological properties of the fresh ECCmatrices (no fiber) were
measured with a rotary rheometer (Kinexus, Malvern,
United Kingdom) kept at a constant temperature of 25 ± 0.1°C. A
vane spindle with a 25-mm-diameter cup cylinder rheometer was
installed (see Figure 2A. The fresh matrices were injected into the
cup, and a 1-mm gap was set between the spindle and the bottom
cup. In the test program from Figure 2B, samples went first through
pre-shearing to reach the same original state. Then the sample was
kept for 30 s to get a stable condition. Finally, the shear rate increased
linearly from 0.1 to 100 s−1 in 60 s and then decreased linearly to
0.1 s−1 in another 60 s.

Thermogravimetric Analysis
TGA was carried out with a TGA/SDTA 851 instrument (Mettler
Toledo). Approximately 30 mg of hardened matrices at 28 days
were ground into fine powders and heated from 30°C to 1,000°C
in a nitrogen atmosphere at a constant rate of 10°C/min.

Compressive Strength
The 28-day compressive strength was measured using 70.7-
mm cubes, and the compression tests were conducted on a
3,000-kN servo-hydraulic testing machine under a loading
rate of 1 MPa/s.

TABLE 1 | Chemical compositions of binder materials (%).

Material SiO2 CaO Al2O3 Fe2O3 SO3 MgO K2O

Ordinary Portland cement (OPC) 21.2 60.3 3.2 3.98 2.55 1.53 0.75
Fly ash (FA) 53.4 8.12 24.21 4.36 0.45 0.84 1.02
Silica fume (SF) 98.24 0.35 1.52 0.77 — 1.06 1.54

FIGURE 1 | Particle size distribution of ordinary Portland cement (OPC),
silica fume (SF), fly ash (FA), and sand.

TABLE 2 | Mixture proportions.

Mixture ID Binder Water Sand VMA CNF (%) SP (%) Fiber (%)

OPC FA SF

ECC-Ref 0.5 0.4 0.1 0.22 0.3 0.03% 0 0.4 2
ECC-0.1HCNF 0.5 0.4 0.1 0.22 0.3 0 0.1 0.4 2
ECC-0.1LCNF 0.5 0.4 0.1 0.22 0.3 0 0.1 0.4 2
ECC-0.1NCNF 0.5 0.4 0.1 0.22 0.3 0 0.1 0.4 2

Note: binder, water, and sand aremass fraction; the percentage of viscosity modifying agent (VMA), nanofibrilliated celluloses (CNF), and HRWR is by weight of binder; fiber is by volume of
composites.
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Tensile Test
The dogbone-shaped specimens were adopted to obtain the
uniaxial direct tensile strain–stress curves of ECC (Kanakubo
et al., 2005), and the dimensions of the dogbone-shaped

specimens and test setup are shown in Figure 3. The tensile
tests were conducted under a loading rate of 0.5 mm/min. Two
extensometers fixed on the middle part with a gauge length of
80 mm were used to measure the elongation of specimens.
According to the tensile strain–stress curves, the first cracking
stress σtc, ultimate tensile stress σtp, tensile strain εtu, crack
number nc, crack width wc, and crack spacing dc were
obtained to evaluate the tensile properties of ECC.

Fracture Test
According to RILEM TC50-FMC (RILEM, 1985), the prismatic
beams of 40 mm × 40 mm × 160 mm were prepared for three-
point bending tests. To investigate the fracture effect, a notch with
a width of 2 mm and a depth of 10 mmwas cut in the middle span
of the specimens. The fracture tests were conducted with the span
support of 100 mm and a loading rate of 1 mm/min. A clip-gauge
was used to measure the crack mouth opening displacement
(CMOD). Figure 4 depicts the test setup and specimen size.

RESULTS

Nanofibrilliated Celluloses Properties
Surface Structure of Nanofibrilliated Celluloses
Figure 5 shows the FTIR spectra of the different CNFs (Li et al.,
2015). The band near 3,300 cm−1 is assigned to the vibration
stretching of O–H from hydroxyl groups. The band at 2,887 cm−1

is assigned to the symmetric and asymmetric stretching of C–H
from CH2 groups related to the cellulose structure. The band at
1,590 cm−1 is strongly related to the antisymmetric stretching of
COO– from carboxylic acid salts, which represents the

FIGURE 2 | Rheology test. (A) Rheometer; (B) Test program.

FIGURE 3 | ECC tensile test. (A) Dimensions of a dogbone-shaped
specimen. (B) Test setup.
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introduction of carboxylate groups oxidized on the surface
structure of CNF. HCNF with a higher degree of oxidation
had a higher intensity of the COO– band at 1,590 cm−1

compared with LCNF, while the peak of NCNF at 1,590 cm−1

was absent, which determined the oxidation degree order of
HCNF > LCNF >NCNF. Moreover, the hydrophilicity of CNF
was determined on the carboxylate and hydroxyl groups.

Particle Size Distribution and Zeta Potential
The dynamic light scattering (DLS) method could quantitatively
obtain rough results of the particle size distribution for CNF
fibrils (Benini et al., 2018), as shown in Figure 6A. It can be seen
that the average particle size of CNF gradually decreased from
3,218.49 to 244.78 nm due to the higher oxidation degree. For

DLS analysis, the measured particle size is the hydrodynamic
diameter of suspensions (Benini et al., 2018), and then aggregated
particles might result in a higher value of particle size. Therefore,
the decreasing particle size of CNF oxidized might be attributed
to the improved dispersion in water. It should be noted that
HCNF and LCNF had much lower values of zeta potential
(NCNF > LCNF >HCNF), indicating the higher effect of
oxidation degree on the stability of CNF suspensions. As
shown in Figure 6B, after static for 7 days, the HCNF
suspension showed high stability, and the LCNF suspension
appeared slightly stratified, while NCNF displayed severe
precipitation phenomenon, which was ascribed to the surface
zeta potential. For the negative value of zeta potential, lower
values illustrated that there existed sufficient mutual repulsion,
thus, leading to high colloidal stability, and such a similar trend
has been reported (Seta et al., 2020).

Rheological Properties of the Fresh
Engineered Cementitious Composites
Matrices (Constant Superplasticizer)
Figure 7 shows the rheological behavior of the fresh matrices. As
can be seen from Figure 7, all the freshmatrices exhibited a shear-
thinning behavior, showing that the shear viscosity decreased
with the increase in shear rate. The yield stress and plastic
viscosity were determined by using the Modified Bingham
model (expressed in Eq. 1) (Yahia and Khayat, 2001) that
represents an idealized type of fluid that could fit the shear
rate–shear stress curves of cement-based materials, and the
fitting results showed quite good correlations with a coefficient
of R2 > 0.99.

τ � τ0 + μc + cc2 (1)

where τ is the shear stress, c is the shear rate, τ0 is the yield stress,
μ is the plastic viscosity, and c is the regression coefficient.

The fresh matrices for no VMA (with no VMA, no CNF,
and 0.4% SP) showed the lowest plastic viscosity and yield

FIGURE 4 | Setup for three-point fracture tests.

FIGURE 5 | FTIR spectra of nanofibrilliated celluloses (CNF) with different
oxidation degrees.
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stress of 0.84 Pa·s and 3.18 Pa, respectively. Adding VMA
enhanced the plastic viscosity to 3.03 Pa·s by 3.6 times to
promote the dispersion of fibers, and the yield stress increased
to 14.59 Pa by 4.6 times. In comparison, the incorporation of
three types of CNF also increased the plastic viscosity and
yield stress to varying degrees. HCNF, LCNF, and NCNF
increased the plastic viscosity to 2.34, 1.92, and 1.87 Pa·s,
respectively, and these corresponded to increases by 2.8 times,
2.3 times, and 2.2 times, respectively. The yield stress
increased to 8.05, 7.83, and 11.70 Pa, respectively, by 2.5
times, 2.5 times, and 3.7 times, respectively. When the
CNF content was set to 0.1%, the effect of HCNF on the

rheological properties of the fresh matrices was more
significant.

The modifying rheological properties mechanism of VMA
could be explained as its water retention and adsorption on
cement (Pourchez et al., 2006), and that of CNF might be
similar. The hydrophilicity of CNF determined its water-
absorbed capacity, and HCNF with a higher density of
carboxylate groups had more absorbed water. Meanwhile, a
lower surface zeta potential of HCNF enhanced the
adsorption between CNF and cement, hence, increasing the
resistance to deformation of the fresh matrices. Therefore,
these results proved the feasibility of using CNF as VMA.

FIGURE 6 | (A) Particle size distribution and zeta potential and (B) stability of CNF suspensions.

FIGURE 7 | Shear stress and shear viscosity curves of the fresh matrices.
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Thermogravimetric Analysis
Figure 8A illustrates the thermogravimetric analysis (TGA)
results of ECC matrices at 28 days. The weight loss of the
non-evaporable water at 105°–1,000°C (Nassiri et al., 2021)
could be calculated from the TGA curves. The degree of
hydration (DOH) was assessed by normalizing the non-
evaporable water content to the assumption maximum
hydration value of 0.23 g/g unhydrated cement (Cao et al.,
2015), as described by Eq. 2.

DOH � WNEW

0.23
, WNEW � Wloss − COloss (2)

where WNEW is the weight loss of non-evaporable water at
105°–1,000°C, Wloss is the total weight loss of samples at
105°–1,000°C, and COloss is the weight loss of
decarbonization at 600°–780°C.

The results of DOH are summarized in Figure 8B. NCNF,
LCNF, and HCNF showed higher DOH than Ref, and the
improvement in DOH might be attributed to a short-circuit
diffusion mechanism proposed by Cao et al. (2015). The zeta
potential for NCNF, LCNF, and HCNF was −17.6 , −19.5, and
−35.9 mv, respectively, so CNF had a trend to absorb the
surface of cement particles (+1.1 mv). At later ages of
hydration, more water might be transported into the
unhydrated cement core by the CNF channel, resulting in
more hydration products. Meanwhile, HCNF with a higher
oxidation degree more strongly tended to adhere to cement
particles, thus, giving the highest DOH.

Engineered Cementitious Composite
Compressive Strength
Figure 9 shows the results of the 28-day compressive strength.
Compared with ECC-Ref for only 60 MPa, CNF with different
DOs could always enhance the compressive strength to 65.1, 74.0,
and 81.4 MPa, of ECC-0.1NCNF, ECC-0.1LCNF, and ECC-
0.1HCNF, respectively, and the peak increase was found in

ECC-0.1HCNF by 35.7%, indicating that a higher DO favor an
increase in the compressive strength of ECC. The enhancement in
the compressive strength of ECC by adding CNF could be due to
the acceleration of hydration degrees of cement at 28 days.

Engineered Cementitious Composite
Tensile Properties
Figure 10 illustrates the tensile strain curves of ECC with different
types of CNF, and the key tensile parameters are summarized in
Table 3. It is clearly shown that all specimens exhibited obvious
strain-hardening behavior. Figure 11A shows the saturated multiple
cracking pattern observed in a typical specimens. The tensile strain
capacity of all groups could reach over 8%, which was attributed to

FIGURE 8 | TGA results. (A) Weight loss. (B) Hydration degree of cement.

FIGURE 9 | Compressive strength of ECC.
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the saturated multiple crack distribution. As shown in Figure 11B,
during the multiple cracking, the tensile stress dropped when a new
crack appeared. Compared with ECC-Ref, the process of strain-
hardening behavior for ECC-0.1HCNF was far more fluctuant, and
that for ECC-0.1NCNF was more stable.

Figure 12 compares the tensile behavior parameters, the first
cracking stress, peak stress, tensile strain, and strain energy, of all
groups. As shown in Figure 12A, for ECC-Ref, prepared using VMA,
the first cracking stress and the peak stress were 3.37 and 9.71MPa,
respectively. Using LCNF and HCNF created a higher first cracking
stress and peak stress. HCNF led to 39.5% and 39.3% increases in the
first cracking stress of 4.70MPa and peak stress of 13.53MPa over
those of ECC-Ref, and LCNF led to 26.1% and 17.7% increases in
those. NCNF posed a negative effect on the first cracking stress,

decreasing by 17.2%, but increased the peak stress by 11.6%. As
shown in Figure 12B, ECC-Ref, ECC-0.1NCNF, ECC-
0.1LCNF, and ECC-0.1HCNF exhibited ultra-high tensile
strain capacities of 8.15%, 9.06%, 8.35%, and 9.72%,
respectively. In addition, the strain energy dissipation
showed a similar trend with the peak stress. ECC prepared
using CNF to replace VMA achieved similarly ultra-high
ductility. High strength and high ductility are associated
with the high bridging capacity provided by the PE fibers
and a lower bond between the PE fibers and matrices. On the
other hand, when the SP content was set at the same value of
0.4%, the plastic viscosity of the fresh matrices for NCNF,
LCNF, and HCNF was 1.87, 1.92, and 2.34 Pa·s, respectively,
showing lower values than that for VMA of 3.03 Pa·s. It is

FIGURE 10 | Tensile strain–stress curves of ECC. (A) Ref; (B) 0.1% content of CNF of no oxidation; (C) 0.1% content of CNF of low oxidation degree; (D) 0.1%
content of CNF of high oxidation degree.

TABLE 3 | Tension test results of engineered cementitious composites (ECC).

Mixture ID σtc (MPa) σtp (MPa) εtu (%) gse (KJ/m3) nc wc (μm) dc (mm)

ECC-0CNF 3.37 ± 0.24 9.71 ± 0.27 8.15 ± 0.82 538 ± 51 70 ± 5 107.56 ± 2.60 1.44 ± 0.14
ECC-0.1NCNF 2.79 ± 0.31 10.84 ± 0.53 9.06 ± 0.05 638 ± 14 69 ± 3 120.38 ± 5.62 1.45 ± 0.06
ECC-0.1LCNF 4.25 ± 0.13 11.43 ± 0.20 8.35 ± 0.34 707 ± 37 71 ± 4 111.21 ± 12.11 1.44 ± 0.14
ECC-0.1HCNF 4.70 ± 0.57 13.53 ± 0.94 9.72 ± 0.11 880 ± 43 71 ± 5 131.98 ± 5.10 1.49 ± 0.06
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noted that the crack number was all close to the value of 70,
which caused the differences in the crack width and the crack
spacing (see Figure 12C). This range for the plastic viscosity all
might be suitable for achieving the uniform fiber dispersion.
The crack width of ECC introducing CNF was slightly higher
than ECC-Ref. The crack width of all specimens was limited to
less than 150 μm, exhibiting the excellent ability in the crack
width-controlled characteristic (Yu et al., 2017).

Introducing LCNF or HCNF increased the initial cracking stress
up to 4.25MPa for ECC-0.1LCNF and 4.70MPa for ECC-0.1HCNF
and the tensile stress up to 11.43MPa for ECC-0.1LCNF and
13.53MPa for ECC-0.1HCNF. These indicated that oxidized CNF
exerted a positive effect on the enhancement in the initial cracking
stress and tensile stress, and the improvement by 39.5% and 39.3%
due to the adding of HCNFwas higher than that by 26.1% and 17.7%
due to the adding of LCNF.

Engineered Cementitious Composite
Fracture Properties
Figure 13 shows the load–CMOD curves of ECC. All groups
showed a strong fracture-hardening behavior. In terms of ECC,

the nominal flexural strength σn is introduced and calculated
using Eq. 3.

σn � cnFn

bd
(3)

where cn is the coefficient correlated to the geometric dimensions
by Eq. 4, and Fn is the peak load.

cn � 3s

2d[1 − (α/d)2] (4)

The ability in the crack resistance can be quantitatively
evaluated on the fracture toughness, and the fracture
toughness KIC is determined using a simplified method (Xu
and Reinhardt, 2000). Based on the load–CMOD curves, the
fracture toughness is calculated by Eq. 5.

KIC � 3Fns

2bd2

��
ac

√
f(Vh) (5)

where f (Vh) is the empirical formula for stress factor, as described
in Eq. 6, and ac is the critical effective crack length, as shown in
Eq. 7.

FIGURE 11 | Typical crack patterns of ECC. (A) Crack distribution. (B) Stress drops.

FIGURE 12 | Tensile behavior parameters. (A) First cracking stress and peak stress. (B) Tensile strain and strain energy. (C) Crack width and crack spacing.
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f(Vh) � 1.99 − Vh(1 − Vh)(2.15 − 3.93Vh + 2.7V2
h)

(1 + 2Vh)(1 − Vh)3/2 , Vh

� a + h0
d + h0

(6)

ac � 2
π
(d + h0)arctan

������������������
bE · CMOD

32.6Fn
− 0.1135

√
− h0 (7)

where E is the elastic modulus and calculated based on the
linear elastic stage in the load-CMOD curve, as expressed in
Eq. 8.

E � Fi

b · CMODi
[3.7 + 32.6 tan2(π

2
Vh)] (8)

Table 4 lists the calculated results of the fracture toughness
KIC, the peak load Fn, and fracture energy Gf. Compared with
ECC-Ref, it can be observed that the nominal flexural strength
for ECC-0.1NCNF, ECC-0.1LCNF, and ECC-0.1HCNF
increased by 4.4%, 22.7%, and 34.4%, respectively, which
indicated that CNF improved the frictional strength
between fibers and matrices. The addition of NCNF, LCNF,

and HCNF also enhanced the fracture toughness from 6.03 to
6.30, 7.38, and 8.08 MPa·m1/2, respectively, and this
corresponded to the enhancements of 4.5%, 20.3%, and
34.0%, respectively. In addition, the fracture-hardening
stage of CNF was much larger than that of Ref, thus,
leading to the increases in the fracture energy by
4%–27.7%, which was attributed to much stronger PE
fiber-bridging capacity. The larger enhancement in the
nominal flexural strength, fracture energy, and fracture
toughness for ECC-0.1HCNF could be achieved than that
for other ECC.

Scanning Electron Microscope Observation
of Polyethylene Fibers
Figure 14 displays the morphology images of PE fibers in
ECC, including ECC-Ref, ECC-0.1NCNF, and ECC-
0.1HCNF. Fibers were embedded and bonded in matrices,
contributing to ultra-high tensile strain capacity. It can be
observed that most of the fibers were pulled out from
matrices, and the hydration products adhered to the
surface of the fibers. There was a likely trend in ECC-Ref,

FIGURE 13 | Load–CTOD curves of ECC. (A) Ref; (B) 0.1% content of CNF of no oxidation; (C) 0.1% content of CNF of low oxidation degree; (D) 0.1% content of
CNF of high oxidation degree.
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ECC-0.1NCNF, and ECC-0.1HCNF that the surface of fibers
appeared smooth and scratched, and the end of the pulled-out
fibers ruptured.

CONCLUSION

This study investigated the feasibility of using CNF as VMA to
develop ECC. CNF at 0.1% content with three different
oxidation degrees, such as no oxidation, low oxidation
degree, and high oxidation degree, namely, NCNF, LCNF,
and HCNF, respectively, was used to replace VMA. The
micro-scale and macro-scale performances of ECC-Ref,
ECC-0.1NCNF, ECC-0.1LCNF, and ECC-0.1HCNF were
evaluated. The major conclusions supported that CNF
presented a great potential to develop ECC as VMA and
reinforcing agent, as follows:

1) Compared with NCNF, LCNF and HCNF with higher
surface carboxylate group content had much better
stability in water. The high stability of HCNF
suspensions was attributed to the higher electrostatic
repulsion due to the lower zeta potential.

2) CNF has a significant effect on modifying the rheological
properties like VMA. The yield stress and plastic viscosity
of the fresh ECC matrices could slightly increase with
higher oxidation degrees of CNF, which was traced back
to the higher water absorbed capacity of higher carboxylate
group contents.

3) NCNF, LCNF, and HCNF increased the cement degree of
hydration at 28 days, and the effect of HCNF on the hydration
appeared to be higher than that of LCNF and NCNF. HCNF
was more easily capable of adhering to the surface of cement

particles, becoming the channel to transport more water for
the later hydration.

4) CNF with different surface oxidation degrees could effectively
improve the mechanical properties compared with ECC-Ref.
The compressive strength and the tensile stress increased due
to the addition of NCNF, LCNF, and HCNF. The higher
oxidation degree of CNF, the greater strength it could
increase. The tensile strain capacity for ECC-Ref, ECC-
0.1NCNF, ECC-0.1LCNF, and ECC-0.1CNF could all
achieve over 8% with the saturated multiple cracking
pattern, and the crack widths were all less than 150 μm.

4) The addition of NCNF, LCNF, and HCNF enhanced the
fracture properties, including the nominal flexural
strength, the fracture energy, and the fracture
toughness, and higher enhancements were found with
the increasing CNF oxidation degree. This proved that
CNF could improve the fiber bridging capacity and the
crack resistance of PE fibers.

Although a series of experiments were carried out in the
current study, demonstrating the potential of CNF to allow
viscosity modifying and nano-reinforcing in ECC, the
mechanisms of the reinforced effect still need to be further
investigated. Moreover, the long-term performance of CNF in
ECC also should be considered in future research.
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TABLE 4 | Results of fracture parameters of ECC.
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ECC-0.1HCNF 9.11 ± 1.22 22.78 ± 3.05 4.10 ± 0.17 29.74 ± 3.21 8.08 ± 1.08
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