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Abstract: This paper presents experimental data on the effect of carbon nano-fiber (CNF) 13 

dispersion on mechanical behavior, workability, and permeability of ultra-high-performance 14 

concrete containing CNF (UHPC-CNF). The addition of CNFs in concrete has been shown to 15 

provide improved performance. However, an inhomogeneous distribution of CNFs in the 16 

cement matrix can result in no impact or decreased mechanical performance. Due to the van 17 

der Waal’s forces and hydrophobic surface properties of the CNFs, good dispersion in mix 18 

fluids and cement paste is challenging. Experimental studies of UHPC-CNF with different 19 

dispersion methods are provided. Further mixing with optimized UHPC paste allowed for the 20 

investigation of the optimal dosage of CNFs, impact on porosity, compressive strength, 21 

flexural strength, hydration rate, and slump. Scanning electron microscopy (SEM) analysis 22 

visually revealed the effect of dispersion. The results indicate that shear mixing and 23 

subsequent ultrasonic dispersion with chemical surfactants can provide a well-dispersion 24 

liquid admixture of CNFs resulting in high mechanical performance of UHPC-CNFs 25 

composites. The water permeability and chloride resistance of optimized UHPC-CNFs 26 

composites were further evaluated with the wicking test and ponding test to reveal improved 27 

performance for these properties as well.  28 

Keywords: carbon nanofibers (CNFs), dispersion, durability, scanning electron microscope 29 

(SEM), ultra-high performance concrete (UHPC) 30 

1 Introduction 31 

Previous research on cementitious materials has sought a new cement-based construction 32 

material which can break through the performance delivered by regular concrete [1-4]. 33 

Among these developments, ultra-high performance concrete (UHPC), developed in 1994, 34 

successfully became one of the most practical cementitious materials applied on the 35 

construction site [5-7]. Compared to regular concrete, UHPC can provide extraordinarily high 36 

compressive strength up to 300 MPa with reasonable flexural strength (20 MPa without fibers 37 

and over 40 MPa with metal, synthetic or organic fibers) [8-11]. The key to UHPC is to lower 38 

the water-to-cement ratio, which can effectively increase the packing density of the hardened 39 

material and further improve the performance [12, 13]. The incorporation of silica fume adds 40 

a pozzolanic reaction between cement and silica fume which helps the transition from 41 

portlandite to calcium silica hydrate (C-S-H). With more C-S-H, improved mechanical 42 

strength can be achieved [14].  43 

Although UHPC can provide outstanding compressive strength and stiffness, the low 44 

tensile strength and flexure toughness cannot be changed based on the chemistry of the 45 

material. Ultra-high performance fiber reinforced concrete (UHPFRC) is the solution for 46 

controlling crack propagation [15]. The bonded macro-fibers can compensate for the low 47 
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tensile/flexure strength of the cementitious material. Different types of macro-fibers have 48 

been applied in cementitious materials, such as steel fibers, polypropylene fibers, and glass 49 

fibers [16]. These fibers can effectively mitigate crack propagation of the cementitious 50 

material and dissipate fracture energy [17]. However, from a micromechanics point of view, 51 

the crack widths in cementitious materials start at the nanometer scale [18]. Traditional 52 

reinforcing fibers have diameters at the micrometers scale so they cannot control nanoscale 53 

crack propagation nor prevent the nucleation of cracks at the nanoscale [19]. Therefore, the 54 

addition of nanoscale fibers into the cementitious material has become a recent topic of 55 

interest [20, 21]. Nanoscale fibers in cementitious materials not only act through a bridging 56 

effect after cracks appear, but also provide an elongated shape that can cause the cracks to 57 

travel further around these stiff inclusions. Previous publications [22-25] show that the 58 

bridging effect happens on cementitious materials with the dosage of nanoscale fibers as low 59 

as less than 0.1 cwt% and as high as 2 cwt%. Among all available nanofibers, carbon 60 

nanofibers (CNFs) are the most commonly used in research because of their excellent 61 

mechanical properties which include a tensile strength of 2-5 GPa and an elastic modulus of 62 

300 GPa [21, 26]. Well dispersed CNFs can effectively improve not only the concrete tensile 63 

strength, but also the compressive strength and electrical conductivity for strain monitoring, 64 

and damage evaluation [27].  65 

Due to the van der Waal’s forces and the hydrophobic property of the fibers, CNFs tend 66 

to bundle together during the mixing stage with cementitious material [28, 29]. An 67 

inhomogeneous distribution of CNFs in concrete can result in no impact or decreased 68 

mechanical performance. In addition, the atomically smooth surface of bundled CNFs also 69 

causes an unstable interfacial bond strength with the cement matrix [30]. Many studies have 70 

focused on addressing these dispersion challenges in the past few decades and they can be 71 

separated into four main approaches: premixing, fiber surface pre-treatment, ultrasonic 72 

dispersion, and chemical bonding [25-41]. Chung used different types of admixtures to pre-73 

mix with CNFs, such as silica fume, polymer solution, polymer particles, silane, etc. [31]. 74 

Chang used the same premix method but choose sodium dodecyl sulfate as the admixture 75 

[32]. The selection of the pre-mix should consider both the physical effect (friction generated 76 

from fine particles) and chemical effect (surface property changes due to the added 77 

chemicals). The second method introduced is to pre-treat the surface of the fiber, such as by 78 

ozone treatment, silane coating, and acid treatment [25, 29, 31, 33]. The objective of these 79 

pre-treatments is to change the surface property of CNFs from hydrophobic to hydrophilic. 80 

Compared with acid treatment, adding chemical surfactant saves time and does not damage 81 

the fibers. In the following years, ultrasonic dispersion technology was introduced as a CNFs 82 

dispersion method  [34-37]. Rather than adding chemical surfactants or pre-treatment of the 83 

fiber, the ultrasonic wave can help break the van der Waal’s forces between fibers [29]. The 84 

fibers are uniformly distributed in the base liquid after ultrasonic dispersion. However, after 85 

mixing with cementitious material, SEM images of the hardened cement showed that CNFs 86 

re-agglomerate together [34]. This is because the hydrophobic surface property of the CNFs 87 

is not changed in the ultrasonic dispersion process. Therefore, a combined dispersion 88 

technique which breaks van der Waal’s forces and affects the surface properties may be best. 89 

With proper dispersion improved mechanical properties and electric conductivity have been 90 

achieved on cementitious materials by researchers [34-37]. In recent years, interdisciplinary 91 

research has been conducted between civil engineering and chemical engineering to provide 92 

ways to chemically bond CNFs onto the raw materials used in cement. This is called cement 93 

hybrid material (CHM) [38-41]. The production process of CHM can be cheap and the 94 

feedback from both mechanical and electric properties from hardened cementitious material 95 



are convincing. A full understanding of dispersion techniques will be needed to address the 96 

needs of these new composite fibers.  97 

Although there have been many successful stories of improving the mechanical behavior 98 

of cementitious material with the addition of carbon nanomaterials (CNFs, carbon nanotubes, 99 

and carbon nanoplatelets), few studies can be found that combine carbon nanomaterials with 100 

UHPC [42-44]. This is because the surface area of carbon nanomaterials is large, which can 101 

increase the amount of liquid required for carbon nanomaterial dispersion. Therefore, most 102 

traditional dispersion techniques are not conductive for UHPC due to its extremely low 103 

water-to-cement ratio. Furthermore, even if well-dispersed CNFs in liquid form are available, 104 

adding the large surface area of CNFs into cement slurry can cause a decrease in workability. 105 

Thus, the compaction of UHPC can be affected and a homogenous mix will be hard to 106 

achieve. The workability increase can be solved by adding more water or more high range 107 

water reducer (HRWR), which increases the air voids in the hardened cement and 108 

consequently decreases the mechanical performance and durability of the cementitious 109 

material. In previous studies, most researchers begin by adding CNFs from 0.1% weight of 110 

cement up to 1% weight of cement [33, 38]. Only a few researchers have studied the addition 111 

of CNFs over 1% weight of cement [39]. The percolation threshold of CNFs which will 112 

improve the mechanical behavior and durability of UHPC stands to be determined.  113 

Therefore, a comprehensive study of UHPC-CNF composites is conducted in this paper 114 

which optimizes the UHPC mix design and selects the most effective dispersion technique 115 

based on the corresponding improvement of mechanical, workability, and permeability 116 

performance. Fig.1 provides a flow chart of the research approach in this study and the tests 117 

conducted for each module. UHPC mix designs were developed based on those published in 118 

literature and industry reports. One of these mix designs was selected as the ‘optimal mix 119 

design’ based on targeted performance metrics, i.e., compressive strength and slump. The 120 

optimal mix design was then applied as the base UHPC mixture. Different CNF dispersion 121 

techniques and sensitivity analyses were reported considering the optimal dispersion time, 122 

dispersion method, and amount of HRWR applied, etc. The flexural properties of UHPC-123 

CNF composites, porosity measurement, and SEM images were used to evaluate the 124 

effectiveness of the dispersion of the CNFs. Then, the selected UHPC-CNF composite 125 

behavior was assessed mechanically by compression testing, in terms of workability by 126 

slump test and temperature evolution measurement, and permeability by wicking and ponding 127 

tests. 128 



 129 

Figure 1 Research guideline and test conducted 130 

2 Materials and Sample Preparation 131 

2.1 Materials 132 

Type I Portland cement and silica fume were utilized as the binding material. Table 1 133 

lists the chemical composition of cementitious material. The size of the fine aggregate in the 134 

mix design is specified to be smaller than 5 mm following ASTM C1856 [45]. Thus, the all-135 

purpose natural sand, Milliken USGA natural sand, and silica powder were selected for 136 

making UHPC. The grading of all-purpose sand followed ASTM C33 [46]. The particle size 137 

distributions (PSDs) of the all-purpose sand and Milliken USGA sand are shown in Fig. 2. 138 

The CNFs were manufactured through chemical vapor deposition (CVD). The dimensions 139 

and properties of CNFs are provided in Table 2. In addition, a polycarboxylate-based HRWR 140 

was used to improve the dispersion of the CNFs and the workability of the UHPC slurry. 141 

Methylcellulose and polyacrylic acid were introduced as the chemical surfactants to adjust 142 

the CNF surface property. 143 

Table 1 Chemical composition of cementitious material 144 

Chemical composition (wt%) Cement Silica fume 

SiO2 20.2 98.4 

Al2O3 4.2 0.2 

Fe2O3 3 0.01 

MgO 1.2 0.1 

CaO 65 0.2 

Na2O 0.5 0.15 



K2O 0.3 0.2 

P2O5 - 0.03 

SO3 3.5 0.1 

Insoluble residue 0.25 - 

Loss on ignition 2.7 0.5 

 145 
Figure 2 PSDs of all-purpose sand and Milliken USGA sand 146 

Table 2 Dimensions and properties of CNFs 147 

Dimensions and Properties  

Length (um) 50-200 

Diameter (nm) 100-200 

Density (g/cm3) 1.55-1.70 

Purity (wt%) >98 

Surface area (m2/g) 20-30 

Elastic modulus (GPa) 240 

Tensile strength (GPa) 4.75 

2.2 Sample preparation 148 

2.2.1 Mixing procedure 149 

A lab-scale bowl mixer with multi-speed control was adopted to mix the slurry. For 150 

mixing the UHPC, the dry constituents were premixed for 2 mins at 60 rpm to achieve a 151 

homogenous dry mix. Half of the HRWR and water were premixed and then added into the 152 

mixer mixing at 120 rpm. After another 2 mins, the remaining HRWR was added. Over 10 153 

mins of mixing were applied until a homogenous slurry was obtained. To mix the UHPC-154 

CNF, the CNFs were premixed with water and chemical surfactants 155 

(methylcellulose/polyacrylic acid/part of HRWR) to build a liquid admixture. This liquid 156 

admixture was first added to the homogenous dry mix and mixed using the methods for 157 

UHPC [8]. After 2 mins, the remaining HRWR was added. It was noticed that the dry 158 

materials cannot bind together until the HRWR started to act. This process could take up to 159 

20 mins. 160 



2.2.2 Sample prepared for compression test 161 

Three curing methods for the sample were prepared for each mix design (with and 162 

without CNFs) [47-50]. Each group had three repeated cylinder samples with diameter of 163 

5.08 cm and height of 10.16 cm. For group 1, the samples were submerged in limewater at 164 

90 °C for 7 days. Samples were demolded after the first 24 hours [50]. The lime saturated 165 

curing environment can reduce the leaching of portlandite (CH) [51]. Previous research stated 166 

that CH is relatively mobile in the cement paste matrix and can easily be leached out. 167 

Dissolution and leaching of CH increases the porosity within the cement system and 168 

decreases the pH level which consequently compromises strength and durability of cement-169 

based products [52, 53]. For group 2, the samples were cured at laboratory temperature of 170 

23 °C with relative humidity of 75% for 7 days [50]. The remaining samples from group 3 171 

were cured at the laboratory temperature of 23 °C with relative humidity of 75% for 28 days. 172 

After demolding, the top and bottom surfaces of the cylinder were polished. The objective of 173 

this process is to avoid any stress concentration during the compression test, which could 174 

break the sample before the real peak load is achieved. Note that the sulfur capping was not 175 

applied for UHPC material due to its low strength. 176 

2.2.3 Sample prepared for flexure test 177 

Following ASTM C348 [54], 40 × 40 × 160 mm prism samples were prepared. In total, 178 

over 40 groups of samples were prepared. Three repeated prisms were cast for each group. 179 

The prisms were cured one day in the molds and then were demolded and transferred into 180 

limewater at the laboratory temperature of 23°C for 7/28 days [50]. Three repeated prisms 181 

were cast for each group. 182 

2.2.4 Sample prepared for temperature evolution measurement 183 

Three cylinder samples were prepared for the temperature evolution measurement [55]. 184 

One of the samples was cast without CNFs and the other two were cast with CNFs with 185 

different dispersion methods. To accommodate the embedded temperature sensors [56], the 186 

10.16 cm diameter of the cylinder samples prepared for the temperature evolution 187 

measurement is larger than the one prepared for compression test. The height of the sample is 188 

10.16 cm. 189 

2.2.5 Sample prepared for wicking test  190 

Three groups of 5.08 × 10.16 cm cylinder samples were prepared, and three repeated 191 

samples were cast for each group following ASTM C1585 [57]. All cylinder samples were 192 

cured at the laboratory temperature of 23 °C with relative humidity of 75% for 28 days. To be 193 

consistent with the compression test, the same curing method was used. The samples were 194 

demolded before the test. 195 

2.2.6 Sample prepared for ponding test 196 

Three groups of samples were prepared with two repeated samples for each group 197 

according to ASTM C1543 [58-60]. To collect chloride profiles at different depths and 198 

different time, large size samples were required and cast with a diameter of 7.62 cm and 199 

height of 15.24 cm. The same curing procedure was followed as in the wicking test 200 

procedure. After 28 days, samples were demolded and ready for testing. 201 



3 Experimental procedure 202 

3.1 UHPC mix design optimization 203 

From the ASTM standard C1856, the minimum requirement of compressive strength of 204 

UHPC is 120 MPa at 28 days of curing [45]. Table 3 presents five different mix designs of 205 

UHPC without CNFs. The optimal mix design was selected based on the test results collected 206 

from the compression test and slump test for each group, which followed ASTM C39 and 207 

ASTM C143 [61, 62].  208 

Table 3 UHPC mix designs (wt%) 209 

Specimen w/c Cement Water 
All-purpose 

sand 

Milliken 

USGA sand 
SF HRWR Silica powder 

1 0.22 31.62 6.97 - 44.28 7.89 1.33 7.89 

2 0.23 30.05 6.91 - 51.92 9.75 1.37 - 

3 0.22 38.68 8.53 - 32.54 9.66 0.94 9.66 

4 0.21 34.45 7.43 - 34.93 6.90 1.30 14.99 

5 0.18 35.84 6.45 49.52 - 6.63 1.55 - 

Notes: ‘w/c’ is the water-to-cement ratio. 210 

3.2 Dispersion of CNFs 211 

3.2.1 Different dispersion techniques 212 

To effectively disperse the bundles of CNFs caused by hydrophobic surface property and 213 

Van der Waal’s forces, different combinations of dispersion methods and chemical 214 

surfactants were investigated. The combinations are summarized in Table 4 with detailed 215 

information provided. It is noticed that all these dispersion methods were referred and 216 

modified from the published proven methods [30, 31, 34-37]. For comparison, the ‘Control’ 217 

sample (D0) and the UHPC-CNFs sample without any treatment (D1) were prepared first. 218 

Different dispersion methods were considered with bowl premixing only (D3, D4), magnetic 219 

stirrer premixing only (D5, D6), ultrasonic dispersion only (D7, D8, D9), and the 220 

combination of magnetic stirrer premixing and ultrasonic dispersion (D10, D11). In addition, 221 

to test the effectiveness of changing the surface property of CNFs, different types of chemical 222 

surfactants were selected and combined with the dispersion methods provided above: 223 

Methylcellulose (D2, D4, D6, D9, D11), Polyacrylic acid (D8), HRWR (D3, D5, D7, D10).  224 

Note that when applying the HRWR as a chemical surfactant for CNFs dispersion, the 225 

HRWR used for mixing was separated in two parts: one part was used for dispersion of the 226 

CNFs in liquid, and another was directly added into the dry ingredients. The total amount of 227 

HRWR was kept as a constant. The porosity measurement (ASTM C830) [63], flexure test, 228 

and the image analysis (SEM) were then applied on samples with 7-days curing to evaluate 229 

the effectiveness of CNF dispersion in terms of performance and visual inspection.  230 

Table 4 Different dispersion techniques 231 

Specimen Description 

D0 (Control) Adopted optimized UHPC mix design without CNFs as the control sample. 

D1 Considered CNFs as dry ingredients without any treatment. 

D2 Same as D1 but with 0.1 cwt% of Methylcellulose added. 



D3 Premixed CNFs with water and part of HRWR by using bowl premixing for 10 mins. 

D4 Same as D3 but with 0.1 cwt% of Methylcellulose added during premixing. 

D5 Premixed CNFs with water and part of HRWR by using magnetic stirrer premixing for 10 mins. 

D6 Same as D5 but with 0.1 cwt% of Methylcellulose add during premixing. 

D7 Applied ultrasonic dispersion on CNFs with water and part of HRWR for 10 mins. 

D8 Same as D7 but with 0.01 cwt% of Polyacrylic acid during ultrasonic dispersion. 

D9 Same as D7 but with 0.1 cwt% of Methylcellulose during ultrasonic dispersion. 

D10 Conduct D5 first, then transferred the liquid to run D7. 

D11 Same as D10 but with 0.1 cwt% of Methylcellulose added during the whole process. 

Notes: ‘cwt%’ is the weight percentage of cement; ‘part of HRWR’ means the HRWR:CNFs=5:1; The 232 
proportion between HRWR and CNFs is based on mass; The amounts of CNFs used was kept as 0.1 cwt% for 233 
each group; The bowl premixing was done at 140 rpm; The magnetic stirrer premixing was done at 1200 rpm. 234 
The ultrasonic dispersion time was 10 mins. 235 

3.2.2 Sensitivity analysis 236 

To further optimize the dispersion process, a sensitivity analysis was conducted on 237 

samples after the most effective dispersion technique was found, such as adjusting the 238 

ultrasonic dispersion energy, adjusting the amount and proportion of HRWR used, optimizing 239 

the amounts of CNFs added, and considering the effect of different types of fine aggregate. 240 

The different modules of sensitivity analysis are provided in Table 5 to Table 9. The 241 

ultrasonic dispersion process was conducted by using a 20kHz Ultrasonic Processor 242 

(Ultrasonics Inc.) with an output power of 450 W. 243 

Table 5 Different ultrasonic dispersion energies delivered 244 

Specimen Description UE� 

T1 2 min dispersion time 2 

T2 4 min dispersion time 4 

T3 6 min dispersion time 6 

T4 10 min dispersion time 10 

Notes: The most effective dispersion technique was adopted with 0.1 cwt% of CNFs for all groups 245 
(HRWR:CNFs=5:1); Three identical specimens were prepared for each group. 246 

The ultrasonic energy indicator is related to the dispersion time and ultrasonic amplitude 247 

(equation 1) [64]. In this context, the ultrasonic dispersion energy is controlled by dispersion 248 

time and the ultrasonic amplitude was kept as constant of 100%, shown in Table 5. 249 

UE� = (
��	

��

)�� = (t�)

��    (1) 250 

where UE� is the ultrasonic energy indicator; UE� is the total ultrasonic energy (J/ml); UE� is 251 

the ultrasonic energy delivered to the solution in a minute (J/ml/mins); UA is the ultrasonic 252 

amplitude from 0% to 100%; t� is the dispersion time in minute (mins). 253 

It is noted that the 100% amplitude is applied for all the dispersion in this manuscript to 254 

simplify the calculation of ultrasonic energy indicator. The calculated  255 

UE� is shown in Table 5. 256 

Table 6 Different amounts and proportions of HRWR involved 257 



Specimen Description 

H0 (control) Adopted optimized UHPC mix design without CNFs as the control sample. 

H1 HRWR:CNFs=5:1 applied for ultrasonic dispersion. 

H2 HRWR:CNFs=10:1 applied for ultrasonic dispersion. 

H3 HRWR:CNFs=5:1, and 0.1 cwt% of Methylcellulose applied for ultrasonic dispersion. 

H4 HRWR:CNFs=10:1, and 0.1 cwt% of Methylcellulose applied for ultrasonic dispersion. 

H5 Same as H1, but the HRWR used for ultrasonic dispersion was counted as extra for mixing. 

H6 Same as H2, but the HRWR used for ultrasonic dispersion was counted as extra for mixing. 

H7 Same as H3, but the HRWR used for ultrasonic dispersion was counted as extra for mixing. 

H8 Same as H4, but the HRWR used for ultrasonic dispersion was counted as extra for mixing. 

Notes: The most effective dispersion technique was applied with 0.1 cwt% of CNFs for all groups; The 258 
ultrasonic dispersion time is 10 mins; Three identical specimens were prepared for each group. 259 

The HRWR used in concrete mixing can effectively help to decrease the use of water, 260 

which further provides the high strength of cementitious material. Both the Methylcellulose 261 

and the HRWR are surface surfactants that can change the surface properties of CNFs. 262 

Therefore, an optimized amount and proportion of HRWR used for CNFs dispersion and the 263 

combination of HRWR with Methylcellulose were analyzed from H1-H4 in Table 6. In 264 

addition to changing the CNFs and HRWR proportions of 1:5 and 1:10 in dispersion, 265 

considering the part of the HRWR used for CNF dispersion as extra rather than splitting from 266 

the original total amount, shown in H5-H8 in Table 6, was considered. 267 

Table 7 Different amounts of CNFs involved 268 
Specimen Description 

0.05%CNFs Mixed UHPC with 0.05 cwt% of CNFs  

0.10%CNFs Mixed UHPC with 0.10 cwt% of CNFs  

0.20%CNFs Mixed UHPC with 0.20 cwt% of CNFs  

0.50%CNFs Mixed UHPC with 0.50 cwt% of CNFs  

Notes: The most effective dispersion technique and chemical surfactant were applied (HRWR:CNFs=5:1); The 269 
ultrasonic dispersion time is 10 mins; Three identical specimens were prepared for each group. 270 

Four dosages of CNFs were mixed with the base UHPC mixture (0.05, 0.1, 0.2, 0.5 wt% 271 

relative to the cement). Once an optimal dispersion technique was obtained, the optimal 272 

CNFs dosage was determined based on the results from flexure test following ASTM C348 273 

[54].  274 

Table 8 Different types of fine aggregate applied 275 

Specimen Description 

F1 Adopted screened sand on #16 sieves, but without CNFs. 

F2 Adopted screened sand on #16 sieves, apply ultrasonic dispersion only. 

F3 Adopted screened sand on #16 sieves, applied magnetics stirring and ultrasonic dispersion. 

F4 Adopted screened sand on #60 sieves, but without CNFs. 

F5 Adopted screened sand on #60 sieves, applied ultrasonic dispersion only. 

F6 Adopted screened sand on #60 sieves, applied magnetics stirring and ultrasonic dispersion. 

Notes: The most effective dispersion technique and chemical surfactant were applied (HRWR:CNFs=5:1); The 276 
ultrasonic dispersion time is 10 mins; Three identical specimens were prepared for each group. 277 



In Table 8, different sizes of sand were screened from all-purpose sand. To figure out the 278 

fine aggregate impact on the dispersion, the sieve analysis was applied on all-purpose sand. 279 

Fine aggregate stayed on #16 and #60 sieves were used to in the UHPC-CNFs mix. As the 280 

size of fine aggregate for each group is more uniform compared to the all-purpose sand, the 281 

more consistent results are expected from the repeated flexure test. 282 

3.3 Mechanical properties 283 

3.3.1 Compression test 284 

The compressive strength of UHPC-CNF composites was experimentally studied in 285 

accordance with ASTM C39 [61]. The Material Testing System 810 (MTS 810) was utilized 286 

with a force-controlled setup. The loading rate was set up as 103 N/cm2/sec, which is faster 287 

than the loading rate provided (19-30 N/cm2/sec) in ASTM C39 [61]. The fast loading rate 288 

was applied in most UHPC cases due to its extremely high compressive strength [8, 65-67]. 289 

In addition to selecting the optimal UHPC mix design from the five mix designs shown in 290 

Table 3, another two groups of specimens were prepared to evaluate the CNF improvement 291 

on the mechanical properties of UHPC, which use the two most effective dispersion methods. 292 

The samples cast and then kept under different curing conditions for different durations as 293 

shown in Table 9. 294 

Table 9 Samples prepared for compression test 295 

Specimen Description 

C1-7/28 Reference: UHPC only; cured for 7/28 days. 

C2-7/28 UHPC-CNFs; HRWR:CNFs=5:1 for dispersion; cured for 7/28 days. 

C3-7/28 UHPC-CNFs; HRWR:CNFs=10:1 for dispersion; cured for 7/28 days. 

3.3.2 Flexure test 296 

The three-point flexure test were conducted on UHPC-CNF composites following the 297 

ASTM C348 [54]. The Universal Testing Machine (UTM) was used with a load cell capacity 298 

of 50 kN. The loading mode was set up as force control with a loading rate of 2750 N/min. In 299 

addition to the flexure tests conducted to evaluate the effectiveness of CNFs dispersion, 300 

samples cured for 28 days were tested to obtain the maximum stress and maximum strain. A 301 

comparison was made between UHPC-CNF composites and UHPC mixture. The flexure 302 

toughness was also reported as in the ASTM standard [54]. 303 

3.4 Workability 304 

3.4.1 Slump test 305 

The slump test was performed not only to optimize the UHPC mix design, but also to 306 

analyze workability of the UHPC-CNFs. The lab-sized mini-slump cone was applied in this 307 

test with a top surface of 50-mm diameter, a bottom surface of 100-mm diameter, and a 150-308 

mm height. Compared to the size of standard slump cone, the mini-slump cone used is with 309 

the same proportion (height:bottom diameter:top diameter=3:2:1) but half of the size. The 310 

results of the mini-slump cone were transferred to standard slump cone values by a factor of 2 311 

to evaluate the absolute slump and workability [68, 69]. The testing procedure followed 312 

ASTM C143 [61]. Once a homogenous slurry was achieved, the slurry was immediately 313 

transferred to the slump cone with uniform rodding. Seven groups of samples were tested 314 

including five groups of UHPC samples and two groups of UHPC-CNFs samples. The five 315 



groups of UHPC samples were tested to select the optimal UHPC mix design. The other two 316 

groups of UHPC-CNFs samples combined the selected UHPC mix design with the most two 317 

successful dispersion methods of CNFs.  318 

3.4.2 Temperature evolution measurement 319 

The influence of CNFs in UHPC on the temperature evolution was studied following 320 

ASTM C1074 [55]. Conducting the temperature evolution measurement is important because 321 

of the possibility of workability decrease if the CNFs were to help accelerate the hydration 322 

process. With a faster temperature evolution, the UHPC-CNF composites would be more 323 

difficult to construct onsite. The temperature evolution measurement applied in this test is 324 

Concrete Temperature and Maturity Meters (Command Center Inc.). After casting the 325 

samples, a temperature sensor was embedded in the center of each sample. The samples were 326 

then immediately transferred to an enclosed space with constant temperature of 23°C and 327 

kept in there for 48 hours. In the meantime, the temperature change was recorded by the 328 

temperature sensors placed in the maturity meter and the data was reported every minute. 329 

3.5 Permeability 330 

3.5.1 Wicking test 331 

The water permeability of UHPC-CNFs composites was experimentally investigated by 332 

wicking tests based on ASTM C1585 [57]. To avoid moisture interaction during the test, the 333 

top and side surfaces of cylinder samples were sealed by silicon glue after 28 days of curing. 334 

Rubber bands were applied on the side surface close to the bottom to avoid the water 335 

intrusion between the glue and sample. A container with a flat surface was prepared with 336 

2.54-cm of water inside. All samples were transferred from the air to the container vertically 337 

with the bottom surface of cylinder samples exposed to the water, shown in Fig. 3. The 338 

samples were then kept in the water and sustained for 9 days. The mass change of each test 339 

specimen was then measured to the nearest 0.01 g at scheduled times.  340 

 341 

Figure 3 Wicking test setup 342 

3.5.2 Ponding test 343 



The effect of adding CNFs on chloride permeability was investigated with the chloride 344 

ponding test, ASTM C1543 [58]. The rapid chloride penetration test (RCPT) in ASTM 345 

C1202 was not applied here because of the inappropriate increase of temperature and short-346 

circuit risk caused by the high conductivity of CNFs [9, 70]. Three groups of samples were 347 

cast as shown in Table 9. After 28 days of curing, the bottom and side surfaces of cylinder 348 

samples were sealed by silicon glue. The plastic circular fence was built on the top of each 349 

sample with a tightened stainless steel clamp installed, shown in Fig. 4. A 0.3% of sodium 350 

chloride solution was left to pond on the top surface of sample with 3-cm liquid level. The 351 

ponding solution was regularly replaced every week to keep a constant concentration of 352 

chloride ions. After one-month and three-months of ponding, the pulverized concrete 353 

powders from each sample were collected at 12.7-mm depth intervals up to 63.5 mm. 354 

Approximately 10 g of collected powders were then transferred into the plastic vials with 50 355 

ml extraction liquid and settled for 24 hours. The extraction liquid is the dilute nitric acid 356 

commercially available from Germann Instrument. The calibration liquids were used before 357 

measuring the samples for precision. The acid-soluble chloride contents at different depths 358 

for each sample were measured by Ion-Selective Electrode (ISE) and compared to each other 359 

[59]. It is noted that every measurement was repeated three times and recorded until a stable 360 

reading was achieved. 361 

 362 

Figure 4 Ponding test setup 363 

4 Results 364 

4.1 UHPC mix design selection 365 

The compressive strengths of UHPC cylinders from five different mix designs under 366 

different curing conditions are reported in Fig. 5. Under all curing conditions, mix design 5 367 

provides the highest compressive strengths and with the lowest water-to-cement ratio. Mix 368 

designs 2 and 4 show the lowest compressive strengths, below the requirement of UHPC (120 369 

MPa) due to their low water-to-binder ratio. Therefore, mix design 1, 3, and 5 were 370 

considered for further testing. Samples cured in hot water at 90 °C can effectively accelerate 371 

the hydration process. The improvement of compressive strengths was about 13-17% of 372 

compressive strength for samples after 7 days of curing. By 28 days samples exposed to the 373 

air for 28 days showed similar compressive strengths compared to the samples cured in the 374 



hot water for 7 days. Approximately 12-18% of compressive strengths improvement was 375 

found from samples exposed to the air from 7 days to 28 days.  376 

The standard slump test results of UHPC slurry as converted from the mini-slump test 377 

are presented in Fig. 6. The highest slump was obtained from mix design 5 with 24.13 cm and 378 

the lowest slump was captured from mix design 2 with 16.51 cm. Considering the dense 379 

packing of UHPC mixture, the high slump is preferred for practice.  380 

The results obtained from both tests indicated that mix design 5 is the most promising 381 

UHPC mixture to be used for the UHPC-CNFs composite. From the slump test results and 382 

mix proportions in Table 1, there is no obvious relationship between w/c and slump. In 383 

contrast, mix design 5 with the lowest w/c ratio provided the highest slump. This is because 384 

of the size of fine aggregate used in mix design 5. The all-purpose sand used in mix design 5 385 

provided a much smaller surface area/weight ratio compared to the USGA sand used in the 386 

other four mixes. This means the USGA sand can absorb more water during the mixing stage 387 

than all-purpose sand, which resulted in a dry mix. Consequently, due to the low slump of the 388 

dry mix, it was hard to deliver a dense packing of the mixture. Furthermore, a relatively small 389 

standard deviation was found in compressive strength measures for mix design 5. This may 390 

have been since the high slump enabled a homogenous UHPC mixture. There is no evidence 391 

showing a change in either compressive strength or slump of UHPC mixture through the 392 

addition of silica powder. Therefore, both USGA sand and silica powder were not considered 393 

as dry constituents in the selected UHPC mixture.  394 

 395 
(a) 396 



 397 
(b) 398 

 399 
(c) 400 

Notes: The testing results were analyzed from the average value of three identical samples and the error bar provided in the 401 
figure offered the minimum and maximum value of the testing results. 402 

Figure 5 Compressive strengths of UHPC mix designs with different curing conditions (a) 7 403 

days of room curing (b) 7 days of hot water curing (c) 28 days of room curing  404 



 405 

Figure 6 Standard slump of UHPC mix design converted from mini-slump 406 

4.2 Dispersion of CNFs 407 

4.2.1 Different dispersion techniques 408 

The results from porosity measurements and flexure testing are shown in Fig. 7. Starting 409 

from the porosity measurements, both treating the CNFs as dry ingredients and premixing the 410 

CNFs with low speed caused a poor dispersion of CNFs in UHPC. The inhomogeneous 411 

mixing led to an increase of porosity, shown as D1 and D3 in Fig. 7 (a). The addition of 412 

methylcellulose was expected to help change the surface property of CNFs from hydrophobic 413 

to hydrophilic. However, due to its large surface area, and by keeping the amount of water 414 

constant, adding methylcellulose as a chemical surfactant would make the UHPC-CNFs mix 415 

became difficult to mix. When setting aside these two factors, an increasing trend of 416 

porosities was found, following D2, D4, D6, D9, and D11. In addition to the HRWR and 417 

methylcellulose, polyacrylic acid was also applied in D8 as a chemical surfactant. Compared 418 

to the porosity measure from D7, a limited effect of improving the packing of UHPC-CNFs is 419 

observed through addition of polyacrylic acid. Among all dispersion techniques, D10 420 

provided the lowest porosity of 3.3%. Compared to the UHPC samples with no CNFs (D0), 421 

D10 shows over 0.4% porosity decrease. Because D10 dispersed the CNFs better, it can 422 

provide a more homogeneous material. 423 

In addition to the porosity measurement, the effect of different dispersion methods on 424 

flexural behavior are shown in Fig. 7 (b) and (c). From Fig. 7 (b), dispersion method D3 and 425 

D4, using low speed mixing, reported the lowest flexural strain as 0.003236 mm/mm and 426 

second lowest flexural strain as 0.003353 mm/mm. All other dispersion techniques provided 427 

larger maximum strain compared to the control sample D0. Thus, the functionality of the 428 

CNFs in the UHPC mix are reflected in the observed flexural strains to different extents. 429 

However, when considering the flexural strength, most of the dispersions showed decreased 430 

flexural strength compared to the D0, except for method D10. D10 provided both maximum 431 

stress and maximum strain during the flexure test. Compared to the control sample D0, the 432 

maximum stress and maximum strain from D10 are improved of 7.3% and 45.53%, 433 

respectively. The flexural toughness shown in Fig. 7 (c) is computed from the flexural test 434 

data to quantify the capability of the material to resist flexure. It can be calculated by the 435 



integral of the area under the load-deflection curve obtained from the flexure test. The results 436 

provided in Fig. 7 (c) show that the samples with the D10 dispersion technique provided the 437 

largest flexural toughness. The reason could be that D10 dispersed the CNFs the best. The 438 

bonding between the CNFs and the ettringite and calcium-silicate-hydrate (CSH) is stronger. 439 

Besides, the smaller the porosity is, the denser the material will be. Denser material will have 440 

better performance. 441 

Based on the mechanical performance, D10 is selected as the most effective dispersion 442 

technique that can deliver a uniform distribution of CNFs in the UHPC matrix. This process 443 

can be divided into two steps. In the first step, magnetic stirring was applied at 1200 rpm. In 444 

this phase, most of the CNF bundles on the macroscale can be evenly dispersed in the liquid 445 

with the help of chemical surfactants. In the second step, the ultrasonic dispersion was 446 

employed. In theory, the second step is to avoid the small clusters of bundled CNFs on the 447 

microscale held by Van der Waal’s forces and further break them into single fibers. Thus, 448 

uniform dispersion of CNFs in the liquid can be achieved.  449 

 450 
(a) 451 



 452 
(b) 453 

 454 
(c) 455 

Notes: The testing results were analyzed from the average value of three identical samples and the error bar provided in the 456 
figure offered the minimum and maximum value of the testing results. 457 

Figure 7 UHPC-CNFs from different dispersion techniques (a) porosity measuring (b) 458 

maximum stress vs. maximum strain from flexure test (c) flexure toughness 459 

Image-based analysis was used to prove the effectiveness of the developed dispersion 460 

technique. For this study, the Hitachi SU 3500 scanning electron microscope (SEM) and the 461 

FEI Nova 600 Focused Ion Beam - Field Emission Scanning Electron Microscope (FIB-462 

FESEM) were used with a setting up of 5/10 kV for accelerating voltage and 40 for spot 463 

intensity. The SEM was used to target the bundled fiber and the FIB-FESEM was applied to 464 



target the well-dispersed CNFs. To further prove the finding from the images and deduce the 465 

chemical composition of the objects, the Energy Dispersive X-ray Spectrometer (EDS) 466 

analysis was applied. To compare the effectiveness of CNF dispersion in UHPC, samples 467 

from D1 and D10 were used for the image and chemical analysis. The samples were cut and 468 

cured for two months in the limewater before conducting the image analysis. The imaged 469 

surface was further coated with 5.7 nm conductive coating (platinum). 470 

Fig. 8 (a)-(c) shows the SEM image and EDS results of D1. In Fig. 8 (a), the bundled 471 

fiber was captured with a substantially large dimension. Two spots were selected for a 472 

detailed EDS investigation. Fig. 8 (b) shows the EDS result on spot 1. A large-sized fiber 473 

comprised of bundled single CNFs offered high content of carbon (64.4 wt%). On the other 474 

side, Fig. 8 (c) focuses on spot 2 without any obvious CNFs. In this case, the calcium, 475 

oxygen, and silicon elements provided the most dominant weight proportion. The appearance 476 

of the bundled fiber and non-uniformed distribution of CNFs provided evidence that a 477 

uniform distribution of CNFs in UHPC was hard to be achieved without the specific 478 

dispersion techniques. Fig. 9 (a)-(e) shows the SEM image and EDS results from the D10 479 

sample. The analysis began similarly by targeting the CNFs from the images. From the large-480 

scale observation in Fig. 9 (a), the well-distributed fiber-like products can be found. A further 481 

zooming-in process on spot 1 and spot 2 was conducted and images were shown in Fig. 9 (b) 482 

and Fig. 9 (c). Fig. 9 (b) shows needle-shaped objectives (Spot 1 in Fig. 9 (a)), and Fig. 9 (c) 483 

provides a single CNF appeared (Spot 2 in Fig. 9 (a)). From the EDS results shown in Fig. 9 484 

(d) and (e), it can be seen that spot 3 picked from Fig. 9 (b) was not a CNF but CSH and spot 485 

4 picked from Fig. 9 (c) was a single CNF. In addition, the bundled CNF shown in Fig. 8 (a) 486 

cannot be found from the D10 sample but single CNFs, which means a good dispersion of 487 

CNFs in UHPC achieved with visual confirmation of the dispersion technique D10. 488 

           489 

 490 
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Figure 8 SEM images and EDS analysis on sample D1 (a) Bundled fiber imaged from SEM 496 

(b) The EDS result for spot 1 (c) The EDS result for spot 2 497 
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 509 
(e) 510 

Figure 9 SEM images and EDS analysis on sample D10 (a) Large scale SEM image on 511 

sample D10 (b) Needle-shaped product imaged from FIB-FESEM (spot 1 in Fig. 9 a) (c) 512 

Single fiber imaged from FIB-FESEM (spot 2 in Fig. 9 a) (d) The EDS result for spot 3 (e) 513 

The EDS result for spot 4 514 

4.2.2 Sensitivity analysis 515 

The optimal ultrasonic dispersion times are presented based on the results from porosity 516 

measurements and flexural tests, shown in Fig. 10. T4, with 10 mins of ultrasonic dispersion 517 

time, delivered the lowest porosity, the highest flexural stress, strain, and toughness. A clear 518 

trend for porosity and flexural performance are captured. The smaller the ultrasonic 519 

dispersion energies applied, the larger porosity and the higher flexural performance for 520 

UHPC-CNFs is achieved. Dispersion times longer than 10 mins was not considered because 521 

of the potential evaporation of liquid due to the associated temperature increase. After long-522 

term dispersion, the ultrasonic probe generates heat and further transferred the heat to the 523 

dispersion liquid.  524 



 525 
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 527 
(b) 528 



 529 
(c) 530 

Notes: The testing results were analyzed from the average value of three identical samples and the error bar provided in the 531 
figure offered the minimum and maximum value of the testing results. 532 

Figure 10 UHPC-CNFs from different ultrasonic dispersion energies delivered in dispersion 533 

(a) porosity measuring (b) maximum stress vs. maximum strain from flexure test (c) flexure 534 

toughness 535 

The dosage and proportion of HRWR in the dispersion liquid was researched and the 536 

results are reported in Fig. 11. By increasing the proportion of HRWR used in dispersion 537 

from 5:1 to 10:1 (from H1 to H2), the porosity was increased to a small extent, and the 538 

maximum flexural strain was increased by around 15% with a slight decrease of the 539 

maximum flexural stress. The flexural toughness, increased from 607 N-mm to 610 N-mm. 540 

By controlling the total amount of CNFs in the mix, the larger proportion of HRWR applied 541 

in dispersion process, technically could have a better dispersion of CNFs. To understand the 542 

ultrasonic dispersion-HRWR mechanism behind the phenomenon, further study needs to be 543 

done. On the other hand, by increasing the total amount of HRWR used in mixing (H5-H8), 544 

the porosity increased, and the flexural performance decreased, especially the maximum 545 

flexural strain, which dropped around 8-12%. This is because the extra added HRWR in the 546 

mix could retard the hydration process and increase the porosity, which is not beneficial. 547 

Through the addition of methylcellulose in dispersion, the flexural strain was further 548 

increased in a limited manner with a large drop of flexural stress and flexural toughness.  549 
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Notes: The testing results were analyzed from the average value of three identical samples and the error bar provided in the 556 
figure offered the minimum and maximum value of the testing results. 557 

Figure 11 UHPC-CNFs from different amount and proportions of HRWR involved in 558 

dispersion (a) porosity measuring (b) maximum stress vs. maximum strain from flexure test 559 

(c) flexure toughness 560 

The optimal dosage of CNFs added in UHPC is investigated and presented in Fig. 12 561 

with porosity measurements and flexural performance. The lowest porosity and highest 562 

flexural performance were delivered by prism samples with 0.1 cwt% of CNFs. With 563 

additions of CNFs over 0.1 cwt%, the maximum flexural stress, maximum flexural strain, and 564 

flexural toughness were not increased, but decreased. This is because the most effective 565 

dispersion technique presented in the last section cannot deliver a homogenous distribution of 566 

CNFs beyond the 0.1 cwt% in the cement matrix. As a consequence, the inhomogeneous 567 

distribution of CNFs may cause the microscale stress concentrations which resulted in the 568 

prisms at a lower load capacity. 569 



 570 
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Notes: The testing results were analyzed from the average value of three identical samples and the error bar provided in the 576 
figure offered the minimum and maximum value of the testing results. 577 

Figure 12 UHPC-CNFs from different amounts of CNFs involved (a) porosity measuring (b) 578 

maximum stress vs. maximum strain from flexure test (c) flexure toughness 579 

To investigate the effect of the size of fine aggregate applied in UHPC-CNFs, porosity 580 

measurements and flexural tests were conducted on samples with screened sand on #16 581 

sieves (F1-F3) and screened sand on #60 sand (F4-F6). The lower porosity and higher 582 

flexural performance were achieved by samples with finer sand. The finer sand doesn’t only 583 

contribute to a higher packing density of UHPC-CNFs composites, but also provides higher 584 

friction during the mixing that can aid the dispersion of CNFs. In addition, the application of 585 

the most effective dispersion technique, D10, proved to be commonly valid for UHPC-CNFs 586 

composites with different sizes of fine aggregate.  587 



 588 
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Notes: The testing results were analyzed from the average value of three identical samples and the error bar provided in the 594 
figure offered the minimum and maximum value of the testing results. 595 

Figure 13 UHPC-CNFs from different types of fine aggregate applied (a) porosity measuring 596 

(b) maximum stress vs. maximum strain from flexure test (c) flexure toughness 597 

In summary, it can be concluded that with the most effective dispersion technique 598 

applied, the optimal ultrasonic dispersion time was confirmed as 10 mins. The proportion of 599 

HRWR used for dispersion selected such that 5 parts of HRWR provided the maximum 600 

stress, and 10 parts of HRWR provided the maximum strain. There was no clear trend 601 

observed between the flexural toughness and the amount of HRWR involved in dispersion. In 602 

addition, the addition of extra HRWR during the mixing stage caused a detrimental side 603 

effect to the UHPC-CNFs composite. The optimal dosage of CNFs adopted in UHPC-CNFs 604 

composites were kept as 0.1 cwt%. Adding more CNFs can deliver an inhomogeneous 605 

distribution given the current maximum HRWR. The introduction of finer sand helped to 606 

improve the packing density of UHPC-CNFs composites and provided a good dispersion of 607 

CNFs in the matrix.  608 

4.3 Mechanical properties 609 

4.3.1 Compressive strength of UHPC-CNFs cylinders 610 

The compressive strength of three groups of cylinders cured for 7/28 days is shown in 611 

Fig. 14. From 7 days of curing to 28 days of curing, the averaged compressive strength 612 

increased by 18%. A similar trend is obtained from different curing conditions. C2 achieved 613 

the largest compressive strength and C3 delivered the lowest compressive strength. When 614 

compared with the C1 samples without CNFs, the averaged compressive strength of samples 615 

with CNFs for C2 samples are about 2% for 7 days curing and 2.5% for 28 days curing, 616 

respectively. With more HRWR applied for CNF dispersion, the averaged compressive 617 



strength of C3 is lower than the averaged compressive strength of C1 samples with a 2% 618 

decrease. By considering the deviation of compressive strength among samples from the 619 

same group, it can be concluded that the compressive strength of UHPC is not effectively 620 

improved with the addition of well-dispersed CNFs. These is no significant change in 621 

compressive strength for this addition of random nanomaterials. It is noticed that from 622 

composite mechanics theory, adding nano-level inert fillers, such as CNFs, can tremendously 623 

improve the mechanical behavior (e.g., compressive strength) because of their remarkable 624 

mechanical properties. The added inert fillers can fill the porous media and cracks left from 625 

either the hydration process or the defects. However, in reality, simply using the composite 626 

mechanics formulations to predict the compressive strength is not applicable because other 627 

factors, such as the workability, the bonding strength between different compositions are not 628 

considered. The improvement of adding nanomaterials in cementitious materials is limited 629 

and cannot be anticipated from the theory [71, 72]. 630 

 631 
Notes: The testing results were analyzed from the average value of three identical samples and the error bar provided in the 632 
figure offered the minimum and maximum value of the testing results. 633 

Figure 14 Compressive strength of UHPC-CNFs cylinders with different curing time 634 

4.3.2 Flexural properties of UHPC-CNFs prisms 635 

The change in flexural properties with the addition of CNFs in UHPC is reported in Fig. 636 

15. The maximum stress collected from the flexure test is improved around 10% from 7 days 637 

of curing to 28 days of curing. A large increase of maximum strain can be found for C1 638 

samples from 7 days of curing to 28 days of curing, equaling 29%. However, long-term 639 

curing does not improve the maximum strain for samples with CNFs. Comparing the results 640 

among different groups, the maximum strain and the largest flexure toughness are seen in C3 641 

with 28 days of curing, and the maximum stress is from C2 with 28 days of curing. 642 

Compared to the reference samples C1, the magnitude of the improvement can go up to 7.4% 643 

of maximum flexural stress and 63% of maximum flexural strain, respectively. These 644 

improvements are attributed to the high tensile performance of CNFs. With a good dispersion 645 

of CNFs in UHPC, the functionality of CNFs in UHPC-CNFs composites can be maximized. 646 

From a fracture mechanics point of view, the input of CNFs in UHPC is not only acted as the 647 

bridging effect after the cracks appeared, but also provided the elongated shape that can cause 648 

the cracks to travel further around these stiff inclusions.  649 



In summary, the introduction of well-dispersed CNFs in UHPC can help to improve the 650 

flexural properties from maximum stress, maximum strain, and flexure toughness. With 651 

additional HRWR used during the CNFs dispersion (C3), a larger improvement of the 652 

capability of deformation can be achieved. On the other side, the more HRWR involved in 653 

CNFs dispersion could cause a lower peak load. 654 

 655 
(a) 656 
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(b) 658 

Notes: The testing results were analyzed from the average value of three identical samples and the error bar provided in the 659 
figure offered the minimum and maximum value of the testing results. 660 



Figure 15 Flexural properties of UHPC-CNFs composites with different curing time (a) 661 

maximum stress vs. maximum strain (b) flexure toughness 662 

4.4 Workability 663 

4.4.1 Slump of UHPC-CNFs slurry 664 

The slump test results from the UHPC without CNFs, and the two UHPC-CNF 665 

composites with the most effective dispersion methods applied are provided in Fig. 16. By 666 

adding the CNFs, a decrease of the slump of the slurry is visible, especially for C2, which 667 

provided a 10.5% slump drop. This increase of viscosity can be attributed to the large surface 668 

area of CNFs. The water adsorption of the mix can be enhanced when high surface area 669 

materials are added. Since the CNFs surface property was changed from hydrophobic to 670 

hydrophilic during dispersion, the water ions were attracted and stayed at the surface of 671 

CNFs, which also caused a decrease of slurry fluidity.  672 

In addition, the increase of the amount of HRWR in the CNFs dispersion can increase the 673 

relative fluidity of the slurry by about 5%. Because the total amount of HRWR and CNFs 674 

used in C2 and C3 are kept constant, it can be concluded that the functionality of the part of 675 

HRWR used for CNFs dispersion is not weakened but enhanced. From the dispersion point of 676 

view, it can be analyzed that the main reason the functionality of HRWR can be enhanced is 677 

because of the increment of the surface activity of HRWR, which was enforced during 678 

ultrasonic dispersion.   679 

 680 

Figure 16 Slump of UHPC-CNFs composites 681 

4.4.2 Temperature evolution of UHPC-CNFs composites 682 

To reveal the effect of adding CNFs on the temperature evolution of UHPC, the 683 

temperature evolution measurement which captures the temperature change during the 684 

hydration process, was done and the results as compared to the UHPC mixture (C1) are 685 

reported in Fig. 17. It can be seen that the addition of CNFs in UHPC can effectively 686 

decrease the peak temperature that can be achieved. Comparing the total temperature 687 

evolution to C1, the samples with CNFs show an 8.3% decrease for C2 and an 18.2% 688 

decrease for C3. Corresponding to the maximum hydration heat, the evolution of the 689 

temperature is similar in the peak position. There is some prolonged hydration for C2 in the 690 



descending branch of Fig.17. This minimized retardation would cause marginal effects on the 691 

construction of UHPC-CNFs composites onsite.   692 

 693 

Figure 17 Temperature change of UHPC-CNFs composites during the hydration phase 694 

4.5 Permeability 695 

4.5.1 Water permeability of UHPC-CNFs composites 696 

Fig. 18 shows the relative mass change of samples by absorbing water from the bottom 697 

edge of sealed cylinder samples for 216 hours. It can be seen from the results that adding 698 

well-dispersed CNFs effectively inhibits the water uptake into the UHPC material. Compared 699 

to the reference C1, the relative mass change of samples after the wicking test is decreased 700 

18% for C2 and 11% for C3. The major differences of mass change were generated in the 701 

first 24 hours. After that, a similar slope of increment of the mass change for all groups was 702 

obtained. From the figure, the lowest water permeability of UHPC-CNFs can be defined as 703 

the smallest relative mass change during the wicking test, which is C2. Compare with C3, C2 704 

samples have less HRWR involved in the CNFs dispersion, which caused lower porosity. 705 

Therefore, the relation between sample porosity and water permeability holds for UHPC-706 

CNF composites.  707 



 708 

Notes: The testing results were analyzed from the average value of three identical samples and the error bar provided in the 709 
figure offered the minimum and maximum value of the testing results. 710 

Figure 18 Mass change of UHPC-CNFs composites during the wicking test 711 

4.5.2 Chloride permeability of UHPC-CNFs composites 712 

The ponding test was conducted on three different groups of samples. The 1-month and 713 

3-month ponding results are reported in Fig. 19 (a) and (b), respectively. Each chloride 714 

profile is from the average results of three identical samples. The same trend can be found 715 

from both figures that the UHPC-CNF composites (C2 and C3) provided lower chloride 716 

concentrations compare to the pure UHPC (C1), especially on the tops of the samples, which 717 

are close to the source of chloride. This means the chloride resistance can be improved for 718 

UHPC with well-dispersed CNFs. 719 

From Fig. 19 (a), the concentrations of acid-soluble chloride ions at 0-12.7 mm are 720 

0.0233 cwt% for C1 to 0.017333 cwt% for C2, and 0.02 cwt% for C3, which presented 721 

chloride concentration a 25.7% decrease from C1 to C2 and a 14.3% decrease from C1 to C3 722 

in the surface layers. In the deep layers (over 40 mm), the chloride concentration was not able 723 

to be captured due to the short-term ponding. From the results of 3-month ponding, relatively 724 

closer concertation of chloride ions can be found from the surface layers because an 725 

equilibrium  concentration was achieved. On the other side, a consistent decrease in the 726 

concentration of chloride ions can be found from other depths (over 10 mm), which means 727 

more chloride ions did penetrate the deep layers and the functionality of chloride resistance 728 

from CNFs is more clearly captured. In addition, because of the larger proportion of HRWR 729 

involved in dispersion, a lesser chloride permeability is shown in C2. This consistent trend 730 

can also be found in porosity measurements and water permeability measurements. The 731 

comparison between 1-month ponding and 3-month ponding shows that with two extra 732 

months of the ponding process, the averaged chloride concentrations at different depths are 733 

increased 236% from C1, 226% from C2, and 202% from C3. Both C2 and C3 provided 734 

lower increment of chloride concentrations after the extra 2-month of ponding process 735 

compared to samples without CNFs (C1), which further proved the improvement of chloride 736 

resistance due to the addition of CNFs.  737 



 738 
(a) 739 

 740 
(b) 741 

Notes: The testing results were analyzed from the average value of three identical samples and the error bar provided in the 742 
figure offered the minimum and maximum value of the testing results. The unit of cwt% is the amount of Cl per cement. 743 

Figure 19 Average chloride profile of UHPC-CNFs composites in (a) 1-month ponding 744 

(b) 3-month ponding 745 



5 Discussion 746 

The application of finer sand caused a lower porosity and higher flexural toughness of 747 

the UHPC-CNFs composite (Fig. 13), which provided a more dominated role than the effect 748 

of CNFs. This means providing a denser material with strong flexural toughness has to be 749 

considered at different scales, not only at the nanoscale, but also the microscale and 750 

macroscale. Due to the limited amount of CNF added, the contribution of CNFs in UHPC 751 

was severely restricted. Alternatively, more HRWR may enable higher CNF concentrations. 752 

However, the requirements of the HRWR in the UHPC mix seem to be the limiting factor 753 

preventing the dispersion of additional CNFs. This means for UHPC mix design, selecting 754 

the size of fine sand becomes more important in delivering a strong, and durable material and 755 

should be emphasized in the future research.  756 

Note that the results provided from the temperature evolution measurement (Fig. 17) are 757 

opposite to the prediction from classic nucleation theory [73]. According to nucleation theory, 758 

the CNFs applied in UHPC mix design could act as seeds and accelerate the temperature 759 

change. Based on the testing results, it can be assumed that while the increased surface area 760 

can govern the hydration reaction rate in classic nucleation theory, in this mix the temperature 761 

evolution is dominated by other factors, such as the effects of the HRWR. The introduction of 762 

HRWR in cementitious material can delay the hydration process. During the ultrasonication, 763 

it is questionable that the chemical structure of HRWR was altered, and the functionality was 764 

further enhanced [74], which provided a higher impact on the temperature evolution than the 765 

nucleation effect. Therefore, further investigation should be conducted to prove the coupling 766 

effect of nucleation and HRWR retardation to the hydration process by a more precise test, 767 

such as the calorimetry test. 768 

In view of the results provided in section 4.2, applying an effective dispersion technique 769 

can improve the contribution of CNFs applied in UHPC by delivering a more uniform 770 

distribution of CNFs. In previous published works [18-43], inconsistent dispersion techniques 771 

were applied in each research study and there is no direct comparison provided among them. 772 

By comparison of the different dispersion techniques, the agglomerated bundles of CNFs can 773 

be most effectively eliminated from the cementitious material. With a uniform distribution of 774 

CNFs in UHPC achieved by the most effective dispersion technique, a comprehensive 775 

enhancement of UHPC can be found not only in mechanical properties, but also in resistance 776 

of permeability. It can be expected in the future that the newly developed dispersion 777 

technique could be applied to deliver a uniform liquid form of CNFs, and further this liquid 778 

form can be mixed with other UHPC ingredients (sand, cement) in the field with minimum 779 

retardation of cement hydration process. 780 

6 Summary and conclusions 781 

A comprehensive study of UHPC-CNFs composites was experimentally conducted step-782 

by-step regarding the selection of UHPC mix design, the CNF dispersion method, and the 783 

following mechanical properties, workability, and permeabilities of UHPC-CNF composites. 784 

The optimal UHPC mix design was obtained with the lowest w/c ratio and all-purpose natural 785 

sand, which provided the highest compressive strength under different curing conditions and 786 

the largest slump.  787 

Starting from the optimal UHPC mixture, a good dispersion of CNFs in UHPC was 788 

shown in reference to improved flexural behavior and porosity; and verified by SEM 789 

analysis. HRWR was selected as the most effective chemical surfactant to be used for CNFs 790 



dispersion. Macroscale dispersion (magnetic stirring) followed by microscale dispersion 791 

(ultrasonic dispersion) was found to be the most efficient technique to disperse CNFs in 792 

UHPC. It is noted that an effective dispersion technique can tremendously affect the 793 

functionality of CNFs. Multiple factors were involved in this process, such as the selection of 794 

chemical surfactants, the duration of ultrasonic dispersion, etc. The following sensitivity 795 

analysis was then further provided to determine the optimal ultrasonic dispersion parameters. 796 

From the analysis, the ultrasonic energy indicator (UEI) equals 10; the proportion of HRWR 797 

applied for CNFs dispersion are from 5-10 times more than the amounts of CNFs, which 798 

depends on either the high stress or the high strain achieved; the 0.1 cwt% CNFs dosages was 799 

selected with the largest flexural performance delivered. 800 

The effectiveness of adding CNFs into UHPC was investigated in the context of 801 

mechanical properties, workability, and permeability. By adding CNFs to UHPC, the flexural 802 

performance can be dramatically raised. The maximum flexural stress and maximum flexural 803 

strain can be increased up to 7.3% and 63%, respectively. Similarly, the water permeability 804 

and chloride permeability can be decreased with the addition of well-dispersed CNFs. On the 805 

other side, the slump was decreased up to 10%. Increasing the amount of HRWR involved in 806 

the dispersion can mitigate the drop of the slump. In addition, a limited retardation of the 807 

hydration process was found with CNFs added from the temperature evolution measurement. 808 

Due to the limitation of the temperature evolution measurement, a more precise method, such 809 

as the isothermal calorimetry test, is preferred for further investigation. 810 
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Appendix A 1053 

Table A1 Materials 1054 

Materials Sources 

Type I Portland cement Cemex Inc. 

Silica fume Grade 971, Elkem  

All-purpose natural sand Quikrete Inc.  

Milliken USGA natural sand BURNCO Inc.  

Silica powder Size #325, AGSCO Co. 

HRWR MasterGlenium 7920, BASF Inc. 

CNFs (PR-19-XT-PS) Pyrograf Products Inc. 
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