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A B S T R A C T

Ultra-high-performance concrete (UHPC) is an advanced generation of cementitious composites with excellent 
compressive strength and durability. However, the relatively poor interfacial transition zone (ITZ) between steel 
fibers and UHPC matrix leads to insufficient flexural properties and hinders its further applications. This study 
proposed a cost-effective, sustainable, and highly reactive coating material, cellulose nanocrystals (CNCs), to 
densify the ITZ of steel fiber surfaces, thus enhancing the flexural properties of UHPC. Utilizing the Herschel- 
Bulkley model, the critical concentration of 1.0 % is determined for enabling uniform dispersion of CNCs, 
enhancing the coating performance and reliability. The performance of CNCs as coating materials was evaluated 
by flexural test of UHPC with CNCs-coated steel fibers, pull-off test, scanning electron microscope (SEM), atomic 
force microscope (AFM), energy-dispersive spectroscopy (EDS), and Fourier-transform infrared spectroscopy 
(FTIR). Results showed that compared to UHPC with pristine steel fibers, the flexural strength and toughness of 
UHPC with CNCs-coated steel fibers were increased by up to 14 % and 18 %, because the single fiber pull-off 
energy was increased by 50 %. It can be attributed to the densified ITZ which is validated by the increased 
UHD C-S-H and HD C-S-H on ITZ. However, when the concentration of CNCs suspension (i.e., 1.5 %) exceeds the 
critical value, the CNCs coating film would stick the uniformly dispersed steel fibers together and then affect 
their distribution, thus reducing the mechanical performance of UHPC. This work provides a green and effective 
approach for promoting flexural properties and an in-depth understanding of CNCs coating mechanism.

1. Introduction

Ultra-high-performance concrete (UHPC) is an advanced cementi
tious composite characterized by self-consolidating property, excellent 
mechanical strength, and superior durability [1]. According to the 
standard (ACI 239) [2], the 28-day compressive strength should be 
higher than 120 MPa under standard curing. Meanwhile, the tensile 
strength ranges from 7 to 15 MPa, and the strain-hardening can be 
observed during the post-cracking stages of UHPC specimens [3]. Based 
on aforementioned excellent performance, UHPC has been extensively 
employed in various civil construction projects, including precast 
girders and piles [4–6], cast-in-situ connections and joints [7–12], 
jackets for columns [13,14], bridge deck overlays [15–23], and rein
forcement of damaged bridge arches [24–26]. However, despite its 
insufficient toughness, some brittle failures still occur when UHPC is 
exposed to high levels of dynamic loads [27]. The high toughness of 
UHPC specimens represents the satisfying energy absorption capacity to 

minimize the brittleness of UHPC infrastructure during the life-span 
service [28,29].

As shown in Fig. 1(a), under the four-point bending test, the failure of 
UHPC beams includes elastic stage (Fig. 1(b)), multi-cracks stage (Fig. 1
(c)), and localized deformation stage (Fig. 1(d)). The ultimate flexural 
strength and toughness of UHPC beams are more related to the fiber 
bridge effect in multi-cracking stage and localized deformation stage, 
which are determined by the bond behavior between steel fibers and 
UHPC matrix [30–36]. Therefore, the improvement of interfacial tran
sition zone (ITZ) between steel fibers and UHPC matrix is beneficial for 
leveraging the synergy of two materials, thus enhancing the flexural 
performance of UHPC mixtures.

In the past few decades, researchers have extensively studied the 
interface enhancement between steel fibers and cementitious substrate, 
including the geometry of the fibers [37,38], densification of UHPC 
matrix [39,40], and ITZ densification by surface treatment [41,42]. 
Firstly, several shapes of steel fibers include straight, hooked, 
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corrugated, and twisted have been used in the UHPC [37,38,43]. The 
deformed fibers could increase the mechanical interlock on the interface 
between steel fibers and UHPC matrix [44]. Specifically, scholars 
quantified the effect of the steel fiber geometry on the interface bond 
strength. The bond strengths of corrugated and hooked fibers were 200 
% and 600 % higher than that of straight fibers. The flexural strengths of 
UHPC with corrugated fibers and hooked fibers were 5 % and 20 % 
higher than that of UHPC with straight fibers [37]. However, two issues 
still exist for the utilization of deformed steel fibers in UHPC mixtures: 
(1) the cost of the deformed fibers is much higher than that of straight 
steel fibers; (2) the use of high-volume deformed fibers might generate 
split cracks during the pull-out process, which creates weak zones and 
deteriorates the reinforced effect of adjacent fiber [45]. To densify the 
interfacial transition zone (ITZ), one of the methods is to densify the 
entire UHPC matrix. For instance, Shen et al. [39] found that the heat 
curing is an effective method. As the curing temperature increased from 
20 ◦C to 250 ◦C, the proportion of ultra-high-density C-S-H in UHPC 
matrix was increased from 15.4 % to 100 %, which increased the flexural 
strengths of UHPC matrix by 20 %. However, the heat curing (e.g., steam 
curing) requires advanced and expensive equipment which is more 
suitable for precast elements in the concrete plant [1]. Meanwhile, the 
addition of nanomaterials is also promising [46]. Li et al. [40] investi
gated the effect nano-SiO2 addition on flexural performance of UHPC. As 
the nano-SiO2 increased to 1.0 %, the 28-day flexural strengths of UHPC 
were increased by 16 %. Meng and Khayat [47] revealed that, as the 
carbon nanofiber (CNF) increased from 0 to 0.3 %, the 28-day direct 
tensile strength were increased by 50 %. However, there still exists some 
issues on using nanomaterials in UHPC matrix: (1) high cost, for 
instance, the cost of CNF are around 100–200 $ per kilogram [48,49]; 
(2) the proper dispersion of nanomaterials for large-scale UHPC pro
duction is still problematic [50].

Compared to the densification of the entire UHPC matrix, the 
improvement focusing on the area around the interfacial transition zone 
(ITZ) is more straightforward and efficient [30]. Currently, two key 
factors lead to the weak ITZ: (1) for commercial steel fibers, to prevent 
the corrosion problems, the surface of steel fibers was planted with the 
poorly hydrophilic brass. The dezincification of the brass coating would 
occur in the cement hydration environment, resulting in the destruction 
of the coating structure and the aggregation of CH [51]; (2) the surface 
of pristine steel fibers is smooth, lack of physical friction with UHPC 
matrix [52]. Therefore, the surface modification on steel fibers to 

enhance the ITZ between steel fibers and UHPC matrix attracted more 
researchers’ interests in the past few years. To enhance the ITZ between 
steel fibers and UHPC matrix, the following methods were attempted: 
(1) Physically roughen [53,54], (2) Chemically activate [41,55,56] (3) 
Nanomaterials coating [42,51,57], as illustrated in Fig. 2. Firstly, 
Stengel [53] investigated the surface modification on steel fibers using 
sandpaper with different grits. Results revealed that the bond properties 
between steel fibers and cementitious matrix were significantly 
enhanced due to the effect of surface roughness by sandpaper modifi
cations. Besides, Chun et al. [54] pointed out that, compared to steel 
fibers abraded in the parallel direction, the transversely abraded steel 
fibers were shown more significant enhancement on the bond properties 
between steel fibers and cementitious matrix. The major limitation of 
the sandpaper roughening method is challenging to achieve the 
large-scale production in the on-site projects. Secondly, the chemical 
activation aims to introduce the reactive functional groups on surface 
steel fibers. Miller et al. [41] revealed that plasma is a medium con
sisting of electrons and positively charged ions, which was extensively 
used to graft reactive functional groups on the surface of inert fibers. 
Results indicated that after 8-min oxygen/argon plasma treatment, the 
wettability of steel fibers was improved and the single-fiber pullout 

Fig. 1. Flexural properties of UHPC under the bending tests.

Fig. 2. The relationship between changes in pull-out forces and energies of 
UHPC with steel fibers modified by different nanomaterials.
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energy between the modified steel fibers and concrete matrix were 
increased by 30 %. Yoo’s research group [55,56] studied the chemical 
surface-roughened modification on steel fibers using an 
electrolyte-EDTA solution. Results indicated that after 9-h immersion 
the pull-out energy of straight steel fibers was increased by 39 %. 
However, it should be noted that the plasma treatment requires specific 
equipment (e.g., Harrick Expanded Plasma Cleaner PDC-002), and the 
amount of steel fibers for each treatment are extremely limited (i.e., 
<20 g) [30]. In addition, Sugama et al. [58] found that, after 15-min 
ZnPh solution immersion at 90 ◦C, the pullout load between modified 
steel fibers and concrete matrix was increased by 40 %, which can be 
attributed to the formation of hydroxyapatite and brushite on the ITZ 
and increased roughness [59]. However, the heavy metal ion (Zn2+) and 
the phosphorus (P) are fatal elements which can pollute water and soil to 
threaten the environment safety and human health. Most recently, re
searchers focused on the surface modification of steel fibers by using 
nanomaterials. Nano-SiO2 is a promising coating material for steel fibers 
because the nano-SiO2 can react with Ca(OH)2 to form hydrated calcium 
silicate (C-S-H), thus strengthening the ITZ. Pi et al. [60] proposed the 
sol-gel method to coat nano-SiO2 film on the surface of steel fibers. 
Results showed that the pullout energy of modified steel fibers were 
increased by 70 %. However, the sol-gel coating method is complicated 
and the initial cost of nano-SiO2 is still high. In addition to the surface 
coating method, the chemical solution immersion and sandpaper pol
ishing method were also proposed to roughen the fiber surface [61–63]. 
Kim et al. [57] investigated the nano-CaCO3 coating on steel fibers for 
UHPC preparation. Results indicated that the average bond strengths 
and pull-out energy were increased by 15 % and 37 %. To achieve the 
uniform nano-CaCO3 modification, EDTA was also added to enable the 
formation of smaller calcium carbonate particles due to the chelating 
effect of EDTA. Therefore, it is desperate to propose a more cost-effective 
and sustainable coating material for steel fibers. the CNCs are proposed 
as an alternative coating material.

Cellulose nanocrystals (CNCs) are cellulose-based spindle-shaped 
nanoparticles (3–20 nm in width and 50–500 nm in length) [64]. They 
are potential candidates to improve the interfacial properties due to the 
high surface area (≈13 m2/g) and large amount of hydroxyl groups [65]. 
Moreover, compared to the traditional nanomaterials (e.g., nano-SiO2), 
the CNCs is widely regarded as a type of cost-effective and sustainable 
material because it can be obtained from numerous natural sources, 
including crops, agricultural by-products, and forest wood [66]. The 
cost of CNCs is approximately 50 % lower than that of nano-SiO2 due to 
the increasing global production volumes, making them more viable for 
industrial applications [67]. The CNCs have been attempted directly 
incorporate in the matrix of cement-based composites. it was observed 
that CNC particles tended to agglomerate, resulting in a decrease in the 
mechanical performance of these composites [68].

Hence, this study presents a more viable approach for incorporating 
CNCs into cementitious composites by applying a coating to the surface 
of steel fibers. To date, the CNCs have been employed to improve the 
bond performance at the interface between epoxy and glass fibers [69,
70]. Results showed that the interfacial shear strength between epoxy 
and glass fiber was increased by 60 % and the flexural strength of the 
glass fiber-epoxy composite was increased by 40 %. The underlying 
mechanism for the enhancement in bond performance is that the glass 
fibers carry the reactive hydroxyl groups which can generate strong 
hydrogen bond with CNCs at interface [70]. Previous studies proved that 
CNCs is the potentials coating materials to enhance the interface. 
However, to date, there is still lack of knowledge on the steel fiber 
coating by CNCs particles because the following challenges are yet to be 
addressed: (1) Very few hydroxyl groups can be found on the surface of 
copper-coated steel fibers. How can the pristine steel fibers be effectively 
coated by CNCs? (2) The CNCs suspension is prone to agglomerate when 
the concentration is high. How to determine the optimal concentration 
of CNCs suspension for coating steel fibers? (3) What is the performance 
and mechanisms of CNCs-coated steel fibers on UHPC? (4) How does the 

CNCs coating affect the ITZ between steel fibers and UHPC matrix? What 
is the variance on the ITZ between CNCs-coated steel fibers and UHPC 
matrix?

To answer the above questions, the objectives of this research 
include: (1) to proposes a cost-effective and sustainable method to 
effectively coat CNCs on surface of steel fibers; (2) to determine the 
critical concentration of CNCs suspension on coating steel fibers; (3) to 
investigate the mechanical properties of UHPC with CNC-coated steel 
fibers and elaborate the underlying mechanisms; (4) to quantify the 
microstructure of ITZ between CNCs-coated steel fibers and UHPC ma
trix. The SEM-EDS, AFM, contact angle measurement, and FT-IR are 
conducted to characterize the coating effect of CNCs on steel fibers. The 
flowability, mechanical properties, and autogenous shrinkage are con
ducted to characterize the CNCs coating effect on performance of UHPC 
itself. The microscale mechanical analysis (i.e., nanoindentation) on ITZ 
is conducted to explain the underlying mechanism of CNC coating for 
UHPC. This research can facilitate the wilder application of UHPC in 
civil infrastructures.

2. Raw materials, coating process, and mixture design

2.1. Raw materials

The UHPC mixture is composed of binder materials, fine aggregates, 
steel fibers, tap water, and high-range water reducer (HRWR). Type I 
Portland cement and ground granulated blast-furnace slag (GGBFS) 
from a local plant in New Jersey were employed as binder materials. 
River sand was used as fine aggregates. The chemical compositions of 
the dry ingredients were characterized by X-ray fluorescence (XRF) and 
X-ray diffraction (XRD), listed in Table 1. Besides, cellulose nanocrystals 
(CNCs) are purchased from CelluForce.

Besides, the particle size distribution curves of the cement, GGBFS, 
and river sand are shown in Fig. 3. The pristine steel fibers measuring 
0.2 mm in diameter and 13 mm in length were incorporated. The tensile 
strength and elastic modulus are 1.9 GPa and 203 GPa, respectively. To 
ensure the proper workability, a polycarboxylate-based HRWR was 
used. The solid content and specific gravity were 34.4 % and 1.05, 
respectively.

The TGA analysis, particles size distribution, and TEM images of the 
CNC morphology were conducted and elaborated. For the chemical 
composition, the mass loss of CNCs is analyzed at three levels of tem
perature shown in Fig. 4(a): (1) 30–200 ◦C: the evaporation of water; (2) 
200–600 ◦C: the dehydration and decomposition of CNCs; and (3) 
600–1000 ◦C: the aromatization of CNC. In addition, Fig. 4(b)–(c) show 
the dynamic particle size distribution and morphology of CNCs. The 
dynamic particle size of the CNCs was measured to be approximately 

Table 1 
Chemical and physical properties of raw materials.

Type I Portland cement GGBFS River sand

SiO2 (%) 22.44 36.21 86.50
Al2O3 (%) 2.76 11.10 0.39
Fe2O3 (%) 2.24 0.76 1.47
CaO (%) 68.05 43.75 9.42
MgO (%) 0.91 5.09 –
SO3 (%) 2.25 2.21 –
Na2O (%) 0.19 0.23 –
K2O (%) 0.11 0.40 –
TiO2 (%) 0.14 0.58 –
P2O5 (%) 0.09 0.02 –
Mn2O3 (%) 0.03 0.36 –
C3S (%) 62.35 – –
C2S (%) 20.28 – –
C3A (%) 1.42 – –
C4AF (%) 5.83 – –
Loss on ignition (%) 1.28 0.72 0.24
Specific gravity 3.15 2.90 2.64
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100 nm, and the CNCs exhibit a rod-like morphology, with lengths 
ranging from 100 to 200 nm and diameters between 5 and 10 nm.

2.2. Steel fiber coating process

The as-received CNCs materials were in form of freeze-dried powder. 
Thus, 30 min of sonication was performed to well disperse the CNCs in 
DI water, accompanying an ice water batch to minimize the possible de- 
sulfation [71,72]. In this study, nine CNCs suspensions with different 

concentrations were investigated (e.g., from 0.25 % to 3.0 % by volume 
of DI water). Their dispersion effect and rheological properties were 
evaluated in Section 4.1.

Subsequently, a serial of simple and appropriate treatment action 
was adopted to obtain the satisfactory coating effect on surface of steel 
fibers [28,73]. Specifically, the CNCs coating process can be mainly 
divided into two steps: (1) Step 1: pristine steel fibers were immersed in 
NaOH solution (the concentration is 20 %) for 30 min to enhance the 
surface activity. Then, the steel fibers were washed with the deionized 
water and ethyl alcohol to remove the residual NaOH solution. After the 
pretreatment, large amounts of hydroxyl groups (i.e., -OH) was intro
duced onto the surface of steel fibers, which contributes to the coating of 
CNC particles. (2) Step 2: the pretreated and dried steel fibers were 
immersed into the corresponding CNC suspension for 1 h, and then dried 
in an oven at 40 ◦C for 24 h. Finally, the coated steel fibers were properly 
stored and ready for casting UHPC specimens. The schematic diagram of 
the coating progress is shown in Fig. 5(a). More importantly, the coating 
mechanism is the hydrogen bonding between the hydroxyl groups (i.e., 
-OH) on the CNCs particles and steel fiber surfaces [74], shown in Fig. 5
(b).

2.3. Mixture design

All investigated UHPC mixtures in this study is given in Table 2, 
based on the cost-effective UHPC mixtures in previous research [75]. 
The binder-to-sand ratio was fixed at 1:1 by volume and the 
water-to-binder ratio was fixed at 0.23 by mass. The control mixture 

Fig. 3. Particle size distribution of dry raw materials.

Fig. 4. Characterization of CNCs: (a) FTIR spectrum, (b) dynamic particle size distribution, and (c) TEM image showing the morphology of CNCs.

Fig. 5. The schematic diagram of: (a) CNCs coating progress; (b) CNCs coating mechanism.
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represents the UHPC mixture reinforced with 2 % pristine steel fibers. In 
addition, the 0.5CSF mixture represents the UHPC mixture reinforced 
with 2 % CNCs-coated steel fibers, and the steel fibers are coated with a 
CNCs suspension with a 0.5 % concentration by mass.

3. Experimental methods

3.1. Mixing and specimen preparation

The UHPC mixer (model: Hobart® HL-200) was used to homogenize 
raw materials for the UHPC production. The mixing procedures devel
oped in previous research were adopted in this study, including four 
steps: (1) cement, GGBFS, and river sand are added into the mixer and 
mixed at 107 RPM for 2 min (2) HRWR is dissolved into the tap water to 
form a solution, and 90 % of the solution is added into the mixer at 107 
RPM for 3 min (3) the remaining 10 % solution is added into the mixer at 
107 RPM for 3 min (4) steel fibers are added to the mixer at 198 RPM for 
2 min. After mixing, the homogenized UHPC mixtures were examined by 
hand, and no fiber agglomeration or segregation was found.

Subsequently, fresh UHPC mixtures were used to cast cubic speci
mens for compressive test, beam specimens for flexural test, and prism 
specimens for shrinkage test. Immediately after casting, the specimens 
were covered by wet burlap and plastic sheet to prevent the moisture 
loss. The specimens were demolded after 1 day, and then cured in lime- 
saturated water at room temperature (23 ± 2 ◦C) until testing.

3.2. Rheology of CNCs suspension

Rheological experiments were conducted to quantify the dispersion 
and agglomeration of CNCs in DI water. The Anton Paar MCR 302 
rheometer was applied to evaluate rheological properties of CNCs sus
pension, shown in Fig. 6. The testing geometry consisted of 25-mm 
concentric cylinder systems with sandblasted surface, which prevents 
the slippage [76]. All CNCs suspension with different concentrations 
were conducted after 30-min sonification.

Subsequently, the equilibrium flow curve method was applied to 
evaluate the rheological properties. Detail procedures were shown 
below: (1) the CNCs suspension was pre-sheared at 250 s−1 for 30 s; (2) 
the shear rate was stepwise from 250 s−1 to 200 s−1, 150 s−1, 120 s−1, 90 
s−1, 70 s−1, 50 s−1, 40 s−1, 30 s−1, 20 s−1, and 10 s−1. For each step, the 
shear rate was kept for 10 s (Fig. 7(a)); (3) the steady state of the shear 

stress was fitted by the Herschel-Bulkley model (Fig. 7(b)); (4) the yield 
stress, consistency, and flow index were calculated.

3.3. Characterization of UHPC with CNCs-coated steel fibers

3.3.1. Fresh and hardened properties
The workability of the UHPC mixture was evaluated through mini- 

slump flow test, in accordance with ASTM C230 [77]. All test results 
were repeated three times to ensure the reproductivity. The mini-slump 
flow test was shown the self-consolidating property.

The compressive strength was evaluated through uniaxial compres
sive tests using 50-mm cubes, in accordance with ASTM C109 [78]. The 
loading rate was kept constant at 1.8 kN/min. The compressive tests 
were conducted at 1, 3, 7, and 28 days.

The flexural properties were evaluated through four-point bending 
tests in according with ASTM C1609 [79]. The test specimens measured 
280 mm × 76 mm × 76 mm. The loading span length was 94 mm. The 
bending tests were conducted using a load frame (model: Instron® 
5982) under displacement control. The displacement rate was 0.05 
mm/min. The tests were performed to evaluate the flexural strength and 
energy dissipation at 7 d and 28 d. The flexural strength was calculated 
using Eq. (1). In addition, the area between the load-deflection curve 
and horizontal axis (from 0 to L/48 = 5 mm) is the calculated toughness 
of UHPC specimens. 

σ =
3F(L − Li)

2bd2 (1) 

where F, L, Li, b, and d are the peak load, distance between supports (L =
240 mm), distance between loads (Li = 94 mm), beam width, and beam 
depth, respectively.

3.3.2. Hydration heat
The heat of hydration of each mixture (with steel fibers) was eval

uated using an isothermal calorimeter (model: Calmetrix® I-Cal 4000 
HPC), which was programmed to maintain the sample at 25 ◦C. 
Approximately 60 g of fresh UHPC mixtures, incorporating either pris
tine or CNCs-coated steel fibers, were sealed in plastic vials and placed in 
the calorimeter. Considering the difficulty of precisely controlling fiber 
numbers in each vial, only 0.3 L fresh UHPC were prepared and then 
filled into three individual plastic vials for the calorimeter test to ensure 
the relatively fair comparison. Finally, the hydration heat was measured 
continuously from 2 min post-mixing up to 48 h, and the results were 
normalized to the mass of the binder.

3.3.3. Single fiber pull-out test
The single fiber pull-out test was performed using a customized 

setup, shown in Fig. 8. During the casting process, the pristine and CNCs- 
coated steel fibers measuring 13 mm in length were embedded in 50-mm 
cubic specimens which were tightly restrained by the steel frame system 
shown in Fig. 8(a). When steel fibers started to be pulled out, the force 
load and the pull-out displacement were simultaneously measured by 
the load cell (Max: 500 N) and a LVDT was embedded in the load frame 
(Model: Instron 5982 Universal Testing Systems), shown in Fig. 8(b). 
The single fiber pull-out test was performed under the displacement 
control mode at the rate of 0.5 mm/min. Three identical steel fibers were 
embedded on each cube specimen. Specifically, a 6-mm length was 
embedded into the UHPC matrix and a 4-mm length was gripped by the 
load frame for applying tensile forces.

3.3.4. Interfacial transition zone characterization
The morphology of the interfacial transition zone (ITZ) between 

pristine/CNCs coated steel fibers and UHPC matrix was observed by 
scanning electronic microscope (model: Zeiss Auriga FIB/SEM with a 
SE2 detector), and the accelerating voltage was 5.0 kV. In order to 
further quantify the micro-mechanical properties in the ITZ areas, the 

Table 2 
Mixture proportions of UHPC (kg/m3).

Mixture Cement GGBFS River 
sand

HRWR Water PSF CSF

Control 459.0 633.9 965.4 8.0 248.1 156.0 –
0.5CSF 459.0 633.9 965.4 8.0 248.1 – 156.0
1.0CSF 459.0 633.9 965.4 8.0 248.1 – 156.0
1.5CSF 459.0 633.9 965.4 8.0 248.1 – 156.0

Note: HRWR represents high-range water reducer, PSF represents pristine steel 
fibers, and CSF represents coated steel fibers.

Fig. 6. The rheology test equipment: Anton Paar MCR 302 rheometers.
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AFM-based nanoindentation was conducted to characterize the phase 
composition of the ITZ around the steel fibers. The sample preparation 
process for the AFM-based nanoindentation test were shown below: (1) 
after 28 days curing, UHPC samples were cut into pieces and soaked in 
isopropanol to stop further hydration, then vacuum dried for 24 h; (2) 
the dried UHPC samples were deposited in a rubber mold and sealed 
with epoxy resin; (3) the surface was polished using abrasive papers 
(#400, #600, #800, and #1200) on a polish machine (model: Met Prep 
3M polisher); (4) the surface was polished using 1 μm polycrystalline 
diamond suspension and 0.05 μm FinalPrep Alumina polish solution on 
a Diamat polishing cloth; (5) each sample was washed with ethanol to 
remove impurities.

Peak-Force quantitative nanomechanics (QNM) was applied to 
evaluate the elastic modulus of samples using an atomic force micro
scope (AFM, model: Bruker Bioscope Resolve AFM with integrated 
fluorescence microscope). The produces are showing below, a probe 
advanced towards the sample surface, exerted indentation to a specific 
depth, and subsequently withdrew into the air. Throughout this pro
cedure, the mechanical response of the localized area was monitored to 
assess the elastic modulus. The elastic modulus was then computed 
using Eq. (2) and Eq. (3) [80]. 

F2/3 =

(
4
3

E*

(1 − υ2)

̅̅̅̅
R

√
)2/3

δ (2) 

E* =

[
1 − νp

2

Ep
+

1 − νs
2

Es

]−1

(3) 

where F, representing the tip force measured from the AFM probe; E* 
represents the reduced modulus of the tip and sample; υ represents the 
Poisson’s ratio of the tip and sample; R is the radius of the probe; δ is the 
indentation depth; νp and νs are the Poisson’s ratios of the probe and the 

sample, respectively; and Ep and Es represents the elastic moduli of the 
probe and the sample, respectively. The Nanoscope software was 
employed for the calculation of the elastic modulus.

Three samples from different sections of UHPC specimens were used 
for the nanoindentation tests. Besides, all indentations were performed 
at room temperature (i.e., 25 ◦C) with a diamond probe (DNISP-HS, 
Bruker) with a stiffness of 360 N/m and a tip radius of 40 nm. The 
deflection sensitivity was calibrated using a sapphire substrate. The 
Poisson’s ratio of the probe was 0.33. The elastic modulus of the probe is 
far higher than that of the samples, so Eq. (2) is rewritten as Eq. (4). The 
position and distribution of indentation points at the interface between 

Fig. 7. The protocol to determine rheology of CNCs suspension: (a) equilibrium flow curve (b) the Herschel-Bulkley model.

Fig. 8. Test setup and specimens of the single fiber pull-out test: (a) the steel frame system; (b) single fiber pull-out load cell and LVDT measurement.

Fig. 9. The schematic diagram of indentation points at the interface between 
UHPC matrix and steel fibers.
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steel fiber and UHPC matrix were shown in Fig. 9. Moreover, for each 
indentation point, the AFM scanned a 1 μm × 1 μm area with the 
scanning resolution of 256 × 256. Hence, this configuration resulted in a 
total of 256 × 256 measurements obtained from each indentation point. 
The mean elastic modulus of each indentation point was obtained using 
the Nanoscope software. 

E* =
Es

1 − νs
2 (4) 

3.4. Characterization of CNCs-coated steel fibers

The surface morphology of pristine and CNCs-coated steel fibers was 
simultaneously analyzed by scanning electronic microscope (SEM) and 
atomic force microscope (AFM). SEM images were acquired from the 
Zeiss Auriga FIB/SEM, and the accelerating voltage was 5.0 kV. In 
addition, the elements content on steel fiber surface were recorded by 
the point scanning method of energy dispersive spectrometer (EDS). 
AFM measurement was conducted using the Bruker ICON AFM, with the 
scan size of 5 μm × 5 μm and the scan rate of 1 Hz, which uses a probe 
with a spring constant of 0.8 N/m and a resonant frequency of 95 kHz.

The variations of chemical composition on surface of pristine and 
CNCs-coated steel fiber were analyzed by Fourier-transform Infrared 
Spectroscopy (FTIR), which was tested by FT-IR spectrometer (model: 
Thermo Nicolet Nexus 670) equipped with ATR microscope. The 
wavenumber ranging from 500 cm−1 to 4000 cm−1 was selected.

The wettability of pristine and CNCs-coated steel fibers was evalu
ated by the contact angle test, which were measured by the goniometer 
(model: Rame-hart 500). At least ten fibers were studied to ensure the 
reproductivity of results.

4. Experimental results

4.1. Determination of CNCs concentration

The distribution and agglomeration of the CNCs is related to the 
CNCs concentrations in different solution [81]. Cao et al. [68] found 

that, as the concentration of CNCs exceeds 1.35 % by volume in DI 
water, CNCs start to agglomerate, however, the CNCs start to agglom
erate when the concentration of CNCs just reaches to 0.18 % in simu
lated cement paste pore solution. Moreover, the agglomerated CNCs 
highly affected the microstructural and mechanical properties of cement 
paste matrix [68]. Therefore, this research firstly determinates the 
critical concentration of used CNCs in DI water by investigating the 
rheological properties of CNCs suspension. At low concentrations (Stage 
I), the CNCs particles are mostly well-dispersed in the DI water and 
therefore have high mobility [68]. However, with the increasing of 
CNCs concentration, more CNCs particles are prone to form agglomer
ation or network structures, which results in the gelation of CNCs sus
pension (Stage II) [82]. Fig. 10(a) plots the shear stress - shear rate 
curves for CNCs suspension with concentrations ranging from 0 to 3.0 %. 
In general, based on the Herschel-Bulkley model, the aqueous CNCs 
suspension shows a shear-thinning behavior, especially for the higher 
CNCs concentrations.

The flow index (n) strongly correlates with CNCs concentrations and 
is an indicator of the agglomeration of CNCs suspension [68]. Fig. 10(b) 
plots the relationship between the flow index and CNCs concentrations. 
Results shows that the flow index (n) was kept at a plateau (i.e., n = 1) 
until the CNCs concentration reaches 1.0 %. With the CNCs concentra
tion exceeding 1.0 %, the flow index decreased below 1 and the CNCs 
suspension changed from Newtonian fluid to non-Newtonian fluid 
(shear thinning property), shown in Fig. 10(c). The underlying mecha
nism is the alignment, ordering, and agglomerates of the CNCs particles 
in the DI water [83]. This suggests that, for CNCs concentrations above 
1.0 %, the CNCs particles start to form the agglomeration. Therefore, in 
this study, the percolation threshold of CNCs concentration is deter
mined as 1.0 %.

4.2. Characterization of UHPC with CNCs-coated steel fibers

4.2.1. Fresh properties
The workability of UHPC mixtures is the key parameter to affect the 

construction quality. Poor workability leads to the poor compaction and 
is hard to achieve placement [84,85]. In this study, the workability of 

Fig. 10. The shear stress and shear rate curves of CNC suspension at different concentrations.
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UHPC mixtures with pristine and CNCs-coated steel fibers was evaluated 
by the mini-slump flow test. Fig. 11 plots the mini slump spread of 
investigated UHPC mixtures. Specifically, compared to the control 
mixture, the mini-slump diameter of 1.5CSF was decreased from 275 
mm to 230 mm (by 16 %) and air content of 1.5CSF was increased from 
2.9 % to 4.9 % (by 65 %). Results indicated that the utilization of 
CNCs-coated steel fibers would reduce the flowability of UHPC mixtures. 
It was speculated that the CNCs coating film (especially in the higher 
CNCs concentration) might lead to the agglomeration of steel fibers, thus 
reducing the workability of UHPC mixtures, which was discussed in 
Section 5.

4.2.2. Compressive strength
The compressive strength of UHPC mixtures is one of the key factors 

to determine its excellent performance. Fig. 12 plots the compressive 
strengths of investigated UHPC mixtures from 1 day to 28 days. Spe
cifically, compared to the control mixture, the 3-day and 28-day 
compressive strengths of 1.0CSF were increased from 70.2 MPa to 
79.8 MPa (by 14 %) and from 121.9 MPa to 127.8 MPa (by 5 %). It is 
speculated that the CNCs coating enhances the physical and chemical 
bonds between steel fiber and matrix, which is discussed in section 5.1.

However, the compressive strength of UHPC decreased instead when 
using steel fibers modified by a CNCs suspension at a concentration of 
1.5 %. For instance, compared to the control mixture, the 28-day 
compressive strengths of 1.5CSF were decreased from 121.9 MPa to 
116.3 MPa (by 5 %). Results revealed that the utilization of CNCs-coated 
steel fibers can efficiently improve the compressive strength of UHPC, 
but the steel fibers coated by CNCs suspension at a high concentration (i. 
e., 1.5 %) exceeding the critical concentration (i.e., 1.0 % in this study) 
would undermine the compressive performance of UHPC instead. It was 
speculated that: (1) compared to the control mixture, the air content of 
1.5CSF was significantly increased, which weakened the densified UHPC 
matrix and reduced the compressive strength; (2) when the concentra
tion of CNCs suspension is higher than the critical concentration, the 
CNCs coating film led to the severe agglomeration of steel fibers and 
then reduce the compressive strength, which was quantified in Section 
5.2.

4.2.3. Flexural performance
Fig. 13 plots the flexural performance results of investigated UHPC 

mixtures at 7 days and 28 days. Fig. 13(a) and (b) shows the represen
tative flexural strength-deflection curves. Fig. 13(c) summarized the 
results of average flexural strengths and toughness. Compared to the 
control mixture, the 28-day flexural strengths and toughness of 1.0CSF 
were increased from 23.5 MPa to 26.7 MPa (by 13.6 %) and from 106.6 
N mm to 125.1 N mm (by 17.3 %). Besides, the flexural performance of 
UHPC also decreased when using steel fibers modified by a CNCs sus
pension at a concentration of 1.5 %. For instance, compared to the 
control mixture, the 28-day flexural strength and toughness of 1.5CSF 

were decreased from 23.5 MPa to 22.3 MPa (by 5 %) and from 106.6 N 
mm to 105.1 N mm (by 3 %). For all UHPC mixtures, both the pristine 
and CNCs-coated steel fibers were pulled out from UHPC matrix after the 
flexural tests.

The similar phenomenon was observed in both compressive and 
flexural properties that pristine steel fibers coated by proper concen
tration of CNCs suspension would help enhance the mechanical per
formance and pristine steel fibers coated by excessive concentration of 
CNCs suspension reduces the mechanical performance instead. In 
addition to the negative effect from the high air content mentioned in 
Section 4.3.2. The underlying mechanisms about the performance 
enhancement and reduction are clearly elaborated in Section 5.

4.2.4. Single-fiber pull-out test
Fig. 14 plots the single fiber pull-out results of investigated UHPC 

mixtures. Fig. 14(a) plots the pull-out force-slip curves and Fig. 14(b) 
plots the summarized max force and absorbed energy. The interface 
bond between the steel fiber and the UHPC matrix is composed of 
chemical adhesive bond, friction, and mechanical interlock effect [86]. 
The single fiber pull-out test can directly reveal the effect of CNCs 
coating effect on the bonding strength and help to elaborate the 
enhancement of the flexural performance of UHPC. Result showed that 
the CNCs coating film monotonically increased the bond strength be
tween UHPC matrix and steel fibers. For instance, compared to the 
control mixture, the max force and energy of 1.5CSF were increased 
from 47.0 N to 53.2 N (by 13.2 %) and from 126.8 mJ to 182.3 mJ (by 
50 %), respectively. These can be attributed to: (1) The CNCs coating 
effectively increased the roughness of steel fiber surface, thus enhancing 
the mechanical interlock effect; (2) The CNCs coating introduced lots of 
reactive functional group (e.g., -OH) to enhance the reactivity and hy
drophilicity of steel fiber surface, thus enhancing the chemical adhesive 
bond. These mechanisms are elaborated in Section 5.1. In summary, the 
CNCs coating efficiently improved the matrix-steel fiber interface.

4.2.5. Hydration heat
Fig. 15 plots the isothermal calorimetry results of investigated UHPC 

mixtures with pristine and CNCs-coated steel fibers. The hydration heat 
evolution of UHPC mixtures helps to explain the enhancement of me
chanical strength, especially at early ages. Specifically, results in Fig. 15
(a) showed that, compared to the control mixture, the peak time of the 
heat flow of 1.5CSF was advanced from 11.5 h to 9.5 h (by 17.3 %). 
Results indicated that the utilization of CNCs-coated steel fiber can 
efficiently promote and accelerate the hydraulic reaction of investigated 
mixtures, which helps validate the mechanical strength enhancement in 
Section 4.2.2 and Section 4.2.3. The reason is that CNCs enhance cement 
hydration in the interfacial transition zone (ITZ) by facilitating water 

Fig. 11. Results of mini-slump spread for UHPC with pristine and CNCs-coated 
steel fibers.

Fig. 12. Results of compressive strengths for UHPC with pristine and CNCs- 
coated steel fibers.

J. Du et al.                                                                                                                                                                                                                                       Cement and Concrete Composites 154 (2024) 105773 

8 



transport from pore water to unhydrated cement cores in the ITZ, shown 
in Fig. 15(b) [80,81,87].

4.2.6. Interfacial transition zone (ITZ) characterization
The micromechanical properties of the ITZ between UHPC matrix 

and pristine or CNCs-coated steel fibers were quantitatively evaluated 
through the nanoindentation analysis, which is a well-established 
technique to study the mechanical response of materials at microscale 
[73]. For the UHPC with CNCs-coated steel fibers, the mixture (1.5CSF) 
was investigated in this section. Fig. 16(a) plots the results of the elastic 
modulus of all indentation points, and these data were shown by cluster 
allocation. Preliminary investigation through SEM test (shown in Fig. 16
(b)) observed the loose ITZ between the pristine steel fibers and UHPC 
matrix. In comparison, the ITZ between the CNCs-coated steel fibers and 

UHPC matrix is much denser.
In order to quantify the ITZ quality, the proportion of phase 

component of ITZ was studied. The ITZ consists of pores, hydration 
products, and anhydrate clinkers. Besides, the hydration products are 
mainly divided as low density (LD) C-S-H, high density (HD) C-S-H, and 
ultra-high density (UHD) C-S-H, respectively. According to the previous 
research, the reduced modulus values of pores, LD C-S-H, HD C-S-H, 
UHD C-S-H, and clinkers are in the range of 0–13 GPa, 14–25 GPa, 
25–40 GPa, 40–60 GPa, and over 60 GPa [88,89]. Therefore, the phase 
proportions of the ITZ for pristine steel fibers and CNCs-coated steel 
fibers were calculated and shown in Fig. 16(b). Specifically, after the 
CNCs coating process, the region of indentation points showed that the 
clinker phase significantly decreased as well as the HD C-S-H and UHD 
C-S-H phase dramatically increased. This trend provided the solid 

Fig. 13. Results of flexural performance for UHPC with pristine and CNCs-coated steel fibers: (a) load-deflection curves at 7 days; (b) load-deflection curves at 28 
days; (c) summarized flexural strengths and toughness.

Fig. 14. Results of single fiber pulling-out test for pristine and CNCs-coated steel fibers: (a) pulling force-slip curves; (b) summarized max force and absorbed energy.
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evidence that the coated CNCs film can densify the ITZ, which improved 
the bond strength on the interface and flexural performance of UHPC 
mixtures. This is attributed to the promoted cement hydration in the ITZ 
area validated in Section 4.2.5 [80,81,87].

Fig. 15. Effect of CNCs coatings on hydration heat evolution of UHPC mixtures: (a) Results of hydration heat for UHPC with pristine and CNCs-coated steel fibers; (b) 
mechanism of CNCs.

Fig. 16. Results of nanoindentation analysis: (a) schematic diagram of indentation points at the fiber-matrix interface; (b) SEM images of steel fibers embedded in 
UHPC matrix and phase proportions.
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5. Discussion

5.1. Flexural enhancement of UHPC with CNCs-coated steel fibers

5.1.1. Physical enhancement: increased surface roughness
The flexural enhancement of UHPC is clearly elaborated by the 

microstructural analysis on the surface of CNCs-coated steel fibers. 
Firstly, the surface morphology of the pristine and CNCs-coated steel 
fiber was characterized by SEM. Fig. 17(a) shows the surface of the 
pristine steel fiber surface, which is smooth and clean. Fig. 17(b)–(c), 
and Fig. 17(d) show the surface of CNCs-coated steel fibers treated by 

different CNCs concentrations. Plenty of CNCs particles with the white 
color was clearly visible on the surface of steel fibers, and the coating 
film was uniformly distributed, confirming the successful CNCs coating 
on surface of steel fibers which is in agreement with previous studies 
[52,90,91]. The surface of the coated steel fiber is speculated to be 
rougher. The quantified results of the roughness variation of the pristine 
and CNCs coated steel fibers was quantitatively evaluated the AFM 
measurement.

Subsequently, the three-dimensional AFM images of pristine and 
coated steel fibers were presented in Fig. 18(a–d). As summarized in 
Fig. 18(e), the surface of the pristine steel fibers is relatively smooth, and 

Fig. 17. Scanning electronic microscope (SEM) images of the: (a) pristine steel fiber; (b) coated steel fiber by 0.5 % CNC suspension (0.5CSF); (c) coated steel fiber by 
1.0 % CNC suspension (1.0CSF); (c) coated steel fiber by 1.5 % CNC suspension (1.5CSF).
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the average roughness (i.e., Ra) is 5.7 nm. After the CNCs coating pro
cess, the average roughness value was increased to 20.1 nm by 255 %, 
indicating the significant increase of the surface roughness of the coated 
steel fibers. As elucidated in Fig. 17(f), the increased surface roughness 
on the surface of steel fibers enhances the mechanical interlocks be
tween reinforced steel fibers and UHPC matrix, thus physically 
increasing the flexural performance of UHPC, which is in agreement 
with previous studies [42–44].

5.1.2. Chemical enhancement: improved reactivity and hydrophilicity
Beside the physical enhancement on the surface, the chemical ele

ments on the pristine and CNCs-coated steel fiber surface were charac
terized by EDS spectrum and FTIR spectroscopy, as recommended in 
previous research [28]. In Fig. 19(a), Cu, Fe, C, and very limited O were 

detected by EDS on the surface of pristine steel fibers. After the CNCs 
suspension coating process, the steel fibers were covered with a thin film 
of CNCs particles as introduced before. Besides, the EDS spectrums in 
Fig. 19(b)–(c), and Fig. 19(d) indicate that the O content significantly 
increased from 8.17 % to 31.45 % after the CNCs suspension coating 
process. It is speculated the increasing O content is provided by the 
hydroxyl groups from CNCs particles. The origin of the O content on the 
surface of CNCs-coated steel fibers was validated by the FTIR test show 
below.

In addition, the functional groups on the CNCs-coated steel fiber 
surface were revealed by FTIR test, shown in Fig. 20. Similar peaks with 
wavenumbers of 1059 cm−1, 1371 cm−1, 1637 cm−1, 2900 cm−1, and 
3406 cm−1 were observed in both CNCs particles and CNCs-coated steel 
fibers. Specifically, peaks at 1059 cm−1, 1371 cm−1, 1637 cm−1, 2900 

Fig. 18. Atomic force microscope (AFM) images of the: (a) pristine steel fiber; (b) coated steel fiber by 0.5 % CNC suspension (0.5CSF); (c) coated steel fiber by 1.0 % 
CNC suspension (1.0CSF); (c) coated steel fiber by 1.5 % CNC suspension (1.5CSF); (e) summarized results of the average roughness (Ra); (f) mechanism of physical 
enhancement by CNCs coatings on steel fibers.
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cm−1, and 3406 cm−1 were attributed to the stretching vibration of C-O, 
C-H, absorbed water, and O-H functional groups, respectively. These 
functional groups were the major components in CNCs particles instead 
of pristine steel fibers. Therefore, these observations confirmed that the 
O content from the CNCs-coated steel fibers is from the CNCs particles 
and the CNCs film was successfully coated on the steel fiber surface [69,
70]. Moreover, the it helps promote the hydration of the UHPC matrix, 
shown in Section 4.2.5, and densifies the ITZ between steel fibers and 
UHPC matrix, shown in Section 4.2.6.

To the end, for the pristine steel fibers (i.e., brass-coated), the main 
surface composition is copper (Cu) which has poor hydrophilicity. The 
hydrophobic surface of pristine steel fiber results in inferior adhesion to 
UHPC matrix, thereby leading to easy debonding during fiber pullout 
process [30]. Therefore, the improvement of wettability on steel fiber 
surface can affect the performance of the ITZ. Fig. 21(a–d) shows the 
results of the contact angle between distilled water and pristine and 
CNCs-coated steel fibers. In general, the smaller contact angle represents 
the better wettability [92]. As summarized in Fig. 21(e), compared to 

the pristine steel fibers, the average contact angle of CNCs-coated steel 
fibers (i.e., 1.5CSF) was reduced from 71.9◦ to 51.2◦ by 28 %. The un
derlying mechanism is that the CNCs coating layer contains large 
amounts of hydroxyl groups (-OH), which increases the fiber polarity 
and reduces the fiber surface energy. Hence, the wettability of the 
CNCs-coated steel fibers was improved. Based on that, more free water is 
prone to transport to the ITZ area to the steel fiber surface to react with 
unhydrated cement particles, thus promoting the hydration reaction of 
UHPC validated in Section 4.2.5 and densifying the ITZ area validated in 
Section 4.2.6. Hence, the CNCs coatings chemically increases the flex
ural performance of UHPC, which is also in agreement with previous 
findings [93].

As shown in Fig. 22, the CNCs coating films on the surface of steel 
fibers act as a “double-sided tape” between steel fiber and UHPC matrix 
[51]. The CNCs coating films adhere to the steel fiber by the hydrogen 
bond, which increases the roughness of the steel fiber surface, thus 
increasing the physical interlocks. In addition, the CNCs coating films 
adhere to the UHPC matrix by short circuit diffusion effect, which 

Fig. 19. Energy dispersive spectrometer (EDS) images of the: (a) pristine steel fiber; (b) coated steel fiber by 0.5 % CNC suspension (0.5CSF); (c) coated steel fiber by 
1.0 % CNC suspension (1.0CSF); (d) coated steel fiber by 1.5 % CNC suspension (1.5CSF).
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transport the free water from the capillary pores to the ITZ areas to react 
with the unhydrated cement particles, thus increasing the chemical 
bonding [81]. The coupled effect of physical and chemical enhancement 
can endow the densified ITZ between steel fibers and UHPC matrix. The 
findings can provide an in-depth understanding of microscale 
enhancement mechanisms of CNCs coating modification, contributing to 
a novel and effective approach for improving interfacial bond and 
flexural performance in UHPC.

The nano modification of steel fibers with cellulose nanocrystal 

(CNC) coatings significantly enhances the ITZ between the matrix and 
steel fibers, thereby improving the flexural performance of UHPC. This 
improvement can be attributed to the nano-core effect of the nano
materials, specifically the cellulose nanocrystals used in this study [94,
95]. On one hand, the small size of the nano-scale CNC particles allows 
them to fill the pores and densify the ITZ, a phenomenon referred to as 
the nano effect [96]. On the other hand, the high specific surface area 
and surface energy of the CNC particles result in a nucleating effect that 
facilitates the hydration of cementitious materials, which is referred to 
the core effect [97]. In summary, the combination of the nano effect and 
core effect, termed the nano-core effect, provides a comprehensive 
explanation for the enhanced flexural performance of UHPC reinforced 
with CNC-coated steel fibers.

5.2. Flexural reduction of UHPC with CNCs-coated steel fibers

5.2.1. Contradiction between increased bond strength and reduced flexural 
strength

As shown in the single fiber pull-out test (Section 4.2.4) and ITZ 
characterization (Section 4.2.6), when a higher concentration of CNCs 
suspension was used to modify pristine steel fibers, it is possible to 
achieve a higher bond strength and a denser interface for the steel fibers 
and UHPC matrix. However, both the results of compressive tests and 
flexural tests showed the lower mechanical strengths and lower tough
ness were reached when the concentration of CNCs coating suspension 
exceeds the threshold value (i.e., 1.0 %). It is speculated that, while the 
higher concentration of CNCs coating suspension improves the interface 
between UHPC matrix and steel fiber, the high concentration (especially 

Fig. 20. FTIR spectra of cellulose nanocrystals (CNCs) and CNCs-coated 
steel fibers.

Fig. 21. Contact angle measurements of the: (a) pristine steel fiber; (b) coated steel fiber by 0.5 % CNC suspension (0.5CSF); (c) coated steel fiber by 1.0 % CNC 
suspension (1.0CSF); (c) coated steel fiber by 1.5 % CNC suspension (1.5CSF); (e) summarized results of the contact angle.
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over the threshold value) is prone to cause gelation of CNCs suspension 
after the coating process. In the nutshell, the CNCs coating film would 
stick the uniformly dispersed steel fibers together, seriously affecting its 
distribution.

5.2.2. Reduced fiber dispersion and orientation
After the flexural test for the UHPC with pristine and CNCs-coated 

steel fibers, four slices with 76 × 76 × 10 mm were cut from the one 
side of the major crack of the UHPC beams. The cutting planes were 
parallel to the cross section of UHPC beams. The image processing 
technique was adopted from the previous research [98] to quantitatively 
evaluate the fiber dispersion (α) and orientation (η) in the UHPC matrix, 
based on the coordinates of fibers and the shape of the fibers in the 
cutting plane.

Firstly, The RGB images were converted into binary images using the 
software (i.e., Image J) [99], which enables the fibers to be distin
guished from the surrounding matrix according to the brightness. The 
76 × 76 mm image corresponding to the total cross-sectional area was 
divided into 21 × 21 units. Then, the number of fibers per unit was 
counted. The uniformity of fiber distribution of the whole cross section 
was quantified using a fiber dispersion coefficient (α). This coefficient 
expresses the deviation of the number of fibers in a unit area from the 
average number of fibers, as expressed by Eq. (5) [32,33]: 

α = exp

[

−
1
x0

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑

(xi − x0)
2

n

√ ]

(5) 

where n represents the number of the units, xi represents the number of 
fibers in the i-th unit, and x0 represents the average number of fibers in 
each unit. The α value approaches to 1 for uniformly-dispersed fibers in 
the matrix, or 0 for a severely-biased dispersion.

Fig. 23 shows the geometry of an inclined fiber and the section in the 
cutting plane, The major axis length (L) and the diameter (D) of each 
fiber were measured by specifying the lengths (in pixels) of the major 
and minor axes of the ellipse. High-resolution images were employed to 
prevent false detection of fiber orientation [100]. In this study, the 
resolution was 60 pixels, in order to accommodate the 0.2-mm diameter 
of the steel fibers.

The fiber orientation was defined as the angle between the fiber axis 
and the normal direction which is perpendicular to the cutting plane, as 
shown in Eqs. (6) and (7). In order to evaluate the effect of fiber 
orientation on flexural properties of UHPC, a fiber orientation coeffi
cient (η) was introduced, considering the probability density distribu
tion of the fiber orientation [101]: 

θ = arccos
(

D
L

)

(6) 

η =

∫ θmax

θmin

p(θ)cos2 θdθ (7) 

Where, when η approaches to 1, all the fibers are aligned perpendicular 
to the cross section, and when η equals to 0, all the fibers are aligned 
parallel to the cross section. p(θ) represents the probability density 
distribution for the fiber orientation.

Fig. 24 shows the RGB and binary cutting images of the control, 
0.5CSF, 1.0CSF, and 1.5CSF, respectively. In general, the steel fibers are 
uniformly dispersed in the cubic section, shown in Fig. 24(a–c), which 
can be attributed to the proper viscosity of UHPC mortar and initially 
well-dispersed steel fibers. By contrast, more steel fibers are observed at 
one side of the cubic section, shown in Fig. 24(d), indicating the fiber 
segregation. Considering that the UHPC mortar is the same for all 
investigated UHPC mixtures, the CNCs-coated steel fibers (1.5CSF) 
should be responsible for the poor distribution.

Fig. 25(a) plots the values of fiber dispersion (α) and fiber orientation 
(η), which are determined by image analysis [98]. Results showed that, 
compared to the control mixture, the α and η of 1.5CSF were decreased 
from 0.64 to 0.59 (by 8 %) and from 0.52 to 0.25 (by 50 %), indicating 
the significant reduction in the fiber distribution. In addition, the serious 
agglomeration picture of steel fibers after the CNCs coating process (in 
1.5CSF mixture) was also shown in Fig. 25(b). As the reduction of both 
fiber dispersion and orientation in UHPC mixture, the flexural perfor
mance was negatively affected, shown in Fig. 25(c–d). Therefore, the 
fiber distribution analysis suggested that steel fibers treated by a high 
concentration of CNCs suspension are prone to agglomeration, which 
leads to a performance reduction.

6. Conclusions

This research aims to provide a sustainable method to densify the ITZ 
by coating CNCs particles on surface of steel fibers, and then enhance the 
flexural performance of UHPC mixtures. Comprehensive experiments 
were conducted to evaluate the CNCs coating suspensions, CNCs-coated 
steel fibers, and UHPC with CNCs-coated steel fibers, respectively. The 
optimal concentration of CNCs coating suspension was determined. 
Moreover, the underlying mechanisms of the effect of CNCs-coated steel 

Fig. 22. Underlying mechanism of CNCs on surface of steel fibers on perfor
mance of UHPC.

Fig. 23. Example of an inclined steel fiber in UHPC matrix. Where θ, D, and L 
correspond to the inclined angle (0 ≤ θ ≤ π/2), diameter of the fiber, and the 
major axis length of the fiber image.
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fibers on different properties of UHPC were discussed. Based on the 
above investigations, the following conclusion are drawn.

(1) The flow index of CNCs coating suspension based on the 
Herschel-Bulkley model were investigated to determine the crit
ical CNCs concentration (i.e., 1.0 %). Over the critical concen
tration, the CNCs coating film would stick the uniformly 
dispersed steel fibers together and then affect their distribution, 
thus reducing the mechanical performance of UHPC.

(2) The macroscale mechanical properties of UHPC with CNCs- 
coated and pristine steel fibers were comprehensively 

investigated. Results showed that, when pristine steel fibers are 
coated by the optimal CNCs suspension (i.e., 1.0CSF), the 
compressive strength, flexural strength, and toughness of UHPC 
were increased by 5 %, 14 %, and 18 %, respectively.

(3) The single fiber pull-out test and ITZ characterization indicated 
that the CNCs film significantly increased the bond strength and 
pull-out energy by 13 % and 50 % to densify the interface be
tween UHPC matrix and steel fibers, thus improving the me
chanical performance of UHPC.

(4) The microscale characterization on modified and pristine steel 
fibers indicated that the CNCs film was successfully coated on the 

Fig. 24. Cutting plane image of UHPC mixtures with pristine and CNCs-coated steel fibers: (a) RGB and binary images of control; (b) RGB and binary images of 
0.5CSF; (c) RGB and binary images of 1.0CSF; (d) RGB and binary images of 1.5CSF.

Fig. 25. Results of fiber dispersion and orientation coefficients in UHPC mixtures.
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surface of steel fibers. Specifically, the average roughness of 
CNCs-coated steel fibers increased from 5.7 mm to 20.1 mm by 
255 %, resulting in higher mechanical interlock. Besides, the 
oxygen content was increased from 8.17 % to 31.45 % after the 
CNCs suspension coating process which is from the reactive 
functional groups (e.g., -OH), enhancing the reactivity. Finally, 
the average contact angle of CNCs-coated steel fibers (i.e., 
1.5CSF) was reduced from 71.9◦ to 51.2◦, validating the 
improved hydrophilicity. The molecular simulation will be 
further conducted on the ITZ between UHPC matrix and steel 
fibers to help understand the effect of CNCs coatings from the 
theoretical aspects.

(5) The key limitation is, due to the severe agglomeration of CNCs 
suspension under high concentrations, the CNCs’ coating effi
ciency is relatively limited. Further research is needed to achieve 
the well dispersion of CNCs particles in tap water under higher 
concentrations, thus further enhancing the flexural properties of 
UHPC.
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