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Preface to ”High Performance Concrete”

The innovations in construction materials that have been made due to the development of

different varieties of concrete have led to innovations in structural applications and design. This

Special Issue mainly focuses on state-of-the-art research progress in high-performance concrete,

including the effect and characteristics of fibers on the properties of high-performance concrete,

the CO2 curing efficiency of high-performance cement composites, and the effect of nano materials

when used in ultra-high-performance concrete. This Special Issue also contains two comprehensive

review articles covering the following topics: the role of supplementary cementitious materials in

ultra-high-performance concrete and recent progress in nanomaterials in cement-based materials.

Readers working towards conducting research on innovative construction materials will be exposed

to findings related to this topic in this Special Issue.
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Abstract: The dispersion quality of nanosilica (NS) is an essential parameter to influence and
control the material characteristics of nanosilica-enhanced concrete. In this research, the dispersion
quality of colloidal nanosilica in simulated concrete environments was investigated using dynamic
light scattering. A concrete environment was simulated by creating a synthetic pore solution that
mimicked the ionic concentration and pH value of ultrahigh-performance concrete in the fluid state.
Four colloidal nanosilica samples were used, ranging in particle sizes from 5 to 75 nm, with differing
solid contents and stabilizing ions. It was found that the sodium stabilized 20 nm NS sol remains
dispersed at a solid concentration of 2 wt % through a variety of pH values with the inclusion of
potassium ions. Calcium ions are a major contributor to the agglomeration of NS sols and only small
concentrations of calcium ions can drastically affect the dispersion quality.

Keywords: ultrahigh-performance concrete; nanosilica; dynamic light scattering; zeta potential;
pore solution

1. Introduction

The development of concrete research has accelerated in the areas of mechanical and durability
properties due to potential benefits of using nanoparticles in concrete mixture design, including
nanosilica (NS), nanosized TiO2, carbon nanotubes, and graphene oxide [1–6]. NS has been widely
used due to its small particle size, spherical particle shape, and pozzolanic reactivity which are promising
properties to further densify the microstructure of concrete [7–10]. In previous research, parameters
of interest included the type of NS, the size of the particles or the surface area, the concentration of
NS, addition or replacement of cement, and water to cement ratios [11–17]. One of the key challenges
in densifying and, therefore, strengthening the microstructure lies in the dispersion quality of the
nanoparticles during the mixing process. Figure 1 demonstrates this concept through three systems.
System I is a well-dispersed cementitious system with cement and microsized silica, representative
of ultrahigh-performance concrete, exhibiting a high particle-packing density and thus enhanced
mechanical and durability properties in comparison to conventional concrete [18]. The addition of
nanoparticles is a logical step to further increase the particle-packing density. System II highlights what
commonly occurs with the inclusion of nanoparticles. These nanoparticles rapidly and irreversibly
agglomerate, resulting in an undesired reduction of particle-packing density and thus leading to an
inconsistency of mechanical properties. System III is the motivation for this research: Increasing
particle-packing density through uniform dispersion of nanoparticles. The control of the dispersion
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quality will control the concrete’s microstructure and thus will have a direct effect on the material’s
mechanical and durability performance.

Figure 1. Illustrating the effects of poorly dispersed and well dispersed nanosilica (NS) in a
cement system.

The use of NS in concrete has been proven to be a controversial topic due to significant variations of
experimental results. Different researchers have reported that nanosilica increases, decreases, and has
no effect on the mechanical properties of conventional concrete [19–21] and ultrahigh-performance
concrete (UHPC) [22–24]. UHPC is a cementitious composite characterized by a compressive strength
in excess of 150 MPa and enhanced ductility and durability properties as compared to conventional
concrete. UHPC contains several constituents of varying sizes including sand, cement, silica powder,
and silica fume, decreasing in size respectively. These different size gradations are essential to
obtain dense particle-packing and favorable mechanical properties. [25–27]. With UHPC containing
nanoparticles, the reason for discrepancies in mechanical properties is hypothesized to be a result of
the variation in the dispersion quality of NS throughout the matrix. While high dispersion quality is
expected to lead to enhanced material properties, poor dispersion quality as illustrated in Figure 1
(System II) compromises the improvement of mechanical properties [28,29].

NS particles are susceptible to form large agglomerates due to their very high specific surface area
(50–750 m2/g). Colloidal NS, as opposed to a dry powder, provides NS particles in a well-dispersed
state, free of significant agglomeration. These discrete particles have hydroxylated surfaces and achieve
stability by possessing a net negative charge on the surface, strong enough to repulse the van der
Waals attractive forces. If different ions are introduced to the sol, this surface charge can be altered
and can lead to agglomeration and gelation of the NS [30–34]. Therefore, adding well-dispersed NS to
the concrete mixture can lead to agglomeration and gelation resulting from the release of ions during
cement hydration.

Understanding the dispersion mechanisms of NS is essential in the engineering and design of
novel nanomaterial enhanced cementitious composites. Besides enhanced packing density, improved
pore structure, and thus enhanced mechanical and durability properties, these new composites can
exhibit specific functionality by inheriting properties of the added nanoparticles, such as air depolluting,
elasticity control, and acceleration of hydration kinetics [35–38].

The goal of this research is to understand the mechanisms that cause NS destabilization and
agglomeration in UHPC. It is hypothesized that even well-dispersed colloidal NS could result in
agglomerates in the concrete environment of UHPC. The challenge is to define and investigate the
dispersion quality of colloidal NS sols under concrete mixing conditions. In this paper, particle size
distribution (PSD) through dynamic light scattering (DLS) and zeta potential (ZP) were measured and
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analyzed to evaluate the dispersion quality. NS sols were diluted, pH was altered, and added to a
synthetic pore solution to further understand NS destabilization.

1.1. Experimental Theory

1.1.1. Colloidal NS

Most commercially-available NS sols are stabilized at a pH range of 7–10. Silica particles are
negatively charged as a result of the silanol groups (Si–O–H) on the surface. This provides a repulsive
force between adjacent particles. Since the silica must be electrically neutral, counter ions such as
potassium, sodium, and ammonia are inserted into the solution. These positively charged ions balance
the charge by being attracted to the negatively charged surface of the silica particles [39]. NS sols can
become destabilized for various reasons and once the van der Waals attractive forces are greater than
the repulsive forces, the particles irreversibly agglomerate [40]. Silica can also be stabilized at low pH
by removing all ions, resulting in slightly negatively charged particles, as this is the case with NS-20a
used in this study.

The Derjaguin-Landau-Verwey-Overbeek (DLVO) theory predicts the stability of charged particles
in a liquid medium by factoring in van der Waals attractive forces and electrostatic repulsion.
DLVO theory predicts that if the electrostatic forces are greater than the van der Waals forces, the colloid
will not agglomerate. DLVO provides a fundamental theory of the stability of particles in different
pH and different ionic concentrations. However, in experimental practice with silica, DLVO breaks
down at low pH. DLVO predicts at the isoelectric point at a pH of 2, the system should lack stability.
However, at or near this point, colloidal silica has demonstrated stability [40]. This indicates that there
are forces not considered by DLVO that significantly affect the stability, such as the steric hindrance
effect. These properties of silica have made it difficult to predict stability, especially with the use of
multivalent ions, varying particle sizes, and polymers. Therefore, experimental studies are necessary.

The pH of NS sols can affect the stability of the sol. At high pH (pH > 11), silica starts to dissolve,
forming silicate ions, leading to destabilization [41]. At low pH, the repulsive forces are suppressed,
resulting in a lower stability. Another potential source for NS destabilization is the ionic composition
and concentration in the medium surrounding NS particles [42]. Monovalent and divalent ions, such as
potassium (K+) and calcium (Ca2+) used in this study, alter the ionic charge of sols. This results in
two mechanisms of agglomeration. First, the adsorption of potassium and calcium ions can lead
to a reduction in the electrical double layer (further discussed in Section 1.1.3.). This reduces the
electrostatic repulsive forces and attractive forces dominate. In addition to compressing the electrical
double layer, these ions can form bridges between NS particles. A positively charged ion can neutralize
a site on the silica surface. If two of these uncharged surfaces collide, the ion can coordinate with the
oxygens of the silanol groups and the surface bonded water, forming a physical bridge between two
silica particles [41].

For example, at a pH between 6 and 9, alkali metals at a high enough concentration can result in
agglomeration. However, at a higher pH (pH > 10), it has been observed that potassium, rubidium,
and cesium do not cause agglomeration at high concentrations. It is hypothesized that these ions form
a complete double layer around the particle effectively shielding the silica surfaces from coming into
contact [41]. Why this happens at a higher pH and not a lower pH is unknown, again supporting the
observation that DLVO theory is not perfect.

These two effects of agglomeration are amplified with divalent ions such as calcium. A divalent ion
neutralizes one negative surface charge and thus releases a hydrogen ion, while the originally divalent
ion retains a positive charge. Since the ion still retains a positive charge, it can neutralize an additional
site on an adjacent silica particle, forming a physical bridge between particles. The adsorption of
calcium results in a mosaic of positive and negative charges on the surface which facilitates the
agglomeration of particles as there are many sites for opposite charges to attract each other, as proposed
by Goodman [43] and Iler [44]. When there are two different ions adsorbed onto the surface, such as
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potassium and calcium, coagulation can occur more rapidly. The addition of potassium reduces the
overall repulsive forces by neutralizing some of the surface charge. Calcium then causes bridging and
coagulation at lower concentrations compared to sols without salt [45,46].

1.1.2. Dynamic Light Scattering

DLS was used to determine the PSD of colloidal NS particles or their agglomerates. DLS measures
time-dependent fluctuations in the intensity of scattered light of particles in a suspension which move
in a random Brownian motion [47,48]. These fluctuations are processed into an autocorrelation function
and applied to fitting algorithms [49]. In this research, the cumulant method [50] has been used. It is
the most common method to obtain a particle size distribution from the autocorrelation function.

Two measurements from DLS are primarily used in this research: Size (z-average) and
polydispersity index (PDI). The z-average is the intensity-weighted mean hydrodynamic size of
the particles, which is derived from the cumulants analysis. The PDI is a dimensionless number
calculated from a fit to the cumulant data. It is a measure of how narrow or broad the PSD is. Smaller
values indicate a narrow size distribution. Values greater than 0.5 indicate a very broad distribution
and results become more qualitative than quantitative.

In this research, a lower z-average, closer to the manufacturers supplied value, indicates a better
dispersion quality. A higher z-average indicates a lower dispersion quality, as agglomeration has
occurred. In addition, lower PDI values are preferred, indicating a small range of particle sizes.

1.1.3. Zeta Potential

Obtaining the zeta potential (ZP), or the electrokinetic potential, is a technique to quantify potential
stability of suspended particles. By measuring the electrophoretic mobility of a particle, the ZP is
calculated. A higher magnitude of ZP corresponds to a higher degree of electrostatic repulsion between
the charged particles and, thus, a higher dispersion stability, or stronger agglomeration resistance. As a
general rule of thumb, magnitudes greater than 30 mV indicate stability and magnitudes less than
30 mV indicate higher potential for agglomeration and coagulation [47,51].

The distribution of ions in a solution is affected by charged particles. These charged particles
result in a higher concentration of ions close to the surface. In this region, known as the Stern layer,
ions such as Na+ and K+ are strongly bound. An outer layer, known as the diffuse layer, contains ions
that are less strongly bound. These two layers form an electrical double layer around each particle.
These two layers extend a finite distance from a particle surface and are influenced by several factors
including pH, ionic concentration and composition. The potential at the edge of electrical double layer
with the surrounding environment is the ZP [40,47,52]. The thickness of the diffuse layer is the Debye
length. The Debye length is a measure of how far the electrostatic forces persist from the particle
surface. A larger Debye length keeps particles further apart which increases sol stability. In aqueous
solutions of monovalent ions, the length is reciprocally proportional to the square root of the ionic
concentration. In a 0.1 M solution (the maximum concentration of KOH in this work) the Debye length
is 0.96 nm. In a 0.4 M solution of divalent ions, the Debye length is 0.28 nm [51]. This is a very short
distance, which is one reason why NS can be difficult to stabilize in some environments.

2. Materials and Methods

2.1. Experimental Parameters

2.1.1. Colloidal NS

Four commercially available colloidal NS sols were used in this study. The compositions and
average physical properties provided by the manufacturer of the NS sols are shown in Table 1. Figure 2
shows their spherical shape.
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Table 1. Properties of NS sols.

Property NS-5 NS-20a NS-20b NS-75

Particle Size (nm) 5 20 20 75
Surface Area (m2/g) 600 150 150 40

% SiO2 15 34 50 40
pH 9.0 2.8 9.0 8.4

Specific Gravity 1.09 1.23 1.39 1.29
Viscosity (cP) <10 <10 55 10
Stabilizing Ion Ammonium — Sodium Sodium

% Na2O 0.02 0.04 0.40 0.30

 
Figure 2. Scanning electron microscopy (SEM) image of NS-75.

2.1.2. Dynamic Light Scattering

The PSD of NS was obtained by DLS using a Zetasizer Nano ZS (Malvern Instruments Ltd., Malvern,
UK). Measurements were performed using disposable polystyrene cuvettes at room temperature
(25.0 ◦C). The dispersant (water) properties were set to default values of viscosity: 0.8872 cP and
refractive index: 1.330. The material absorption coefficient was set to 0.001 and the refractive index to
1.50 [53]. These values were kept constant throughout all measurements. Samples were thermally
equilibrated for 30 s and the angle of detection was set to 173◦ (Non-Invasive Backscatter (NIBS)).
Three measurements were performed for each sample at 11 runs per measurement, 10 seconds per
run. The measurements reported in the results section are the mean of the corresponding three
measurements. The general purpose algorithm and the method of cumulants were used for analysis.
All measurements were taken within one hour of sample preparation. Raw materials were stored at
room temperature.

2.1.3. Zeta Potential

ZP was measured using the Zetasizer Nano ZS with the dip cell accessory. The same material
parameters were used as in the particle size measurements. Four measurements were performed for
each sample at 30 runs per measurement. The voltage selection was set to automatic, with values
between 1 V and 20 V. ZP measurements were taken from the same sample as the corresponding
DLS measurement.

2.1.4. Sample Preparation

The parameters for testing the four NS sols from Table 1 included varying solid concentration by
adding deionized (DI) water, varying pH value by adding 0.1 M aqueous potassium hydroxide (KOH)
or 0.1 M hydrochloric acid (HCl), varying amounts of calcium nitrate (Ca(NO3)2·4H2O), and adding
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UHPC-like synthetic pore solution (PS) as outlined by Schrofl et al. (9.72 g Ca(NO3)2·4H2O dissolved
in 148.5 g of 0.1 mol/L aqueous KOH solution) [54]. An overview of the test matrix is shown in Figure 3
highlighting the four test parameters. The concentration of NS in Figure 3 is by weight percent. It was
observed that PS causes irreversible agglomeration. The two ingredients of the PS were isolated to
further understand the system.

NS sols at 2% solid content were chosen to investigate the effect of pH value, concentration of
Ca(NO3)2, and ionic concentration of the PS. The alterations and concentrations are summarized in
Table 2. The synthetic PS contained 0.1 M of KOH and 0.4 M of Ca(NO3)2·4H2O in accordance to
Reference [54]. KOH6, Ca8, and PS10 correspond to the molar concentration of the as received synthetic
PS. Each successive concentration step down was half of the prior concentration. The pH value of
the samples was measured using pH paper in increments of 0.5. DI water, aqueous KOH, aqueous
Ca(NO3)2, and pore solution were filtered to 0.1 μm using Anotop (GE Whatman, Marlborough, MA,
USA) syringe filters before mixing with NS.

Figure 3. Experimental design DI: Deionized. AR: As received.

Table 2. Test specifications for NS alteration.

2% Solid NS

pH Alteration Molarity (mol/L) Ca(NO3)2 Molarity (mol/L) Pore Solution
Molarity of

KOH (mol/L)

KOH0 0 Ca0 0 PS0 0
PS1 9.77 × 10−5

PS2 1.95 × 10−4

Ca1 3.13 × 10−3 PS3 7.81 × 10−4

Ca2 6.25 × 10−3 PS4 1.56 × 10−3

KOH1 3.13 × 10−3 Ca3 1.25 × 10−2 PS5 3.13 × 10−3

KOH2 6.25 × 10−3 Ca4 2.50 × 10−2 PS6 6.25 × 10−3

KOH3 1.25 × 10−3 Ca5 5.00 × 10−2 PS7 1.25 × 10−2

KOH4 2.50 × 10−3 Ca6 1.00 × 10−1 PS8 2.50 × 10−2

KOH5 5.00 × 10−3 Ca7 2.00 × 10−1 PS9 5.00 × 10−2

KOH6 1.00 × 10−3 Ca8 4.00 × 10−1 PS10 1.00 × 10−1

2.1.5. CryoSEM

Cryogenic scanning electron microscopy (cryoSEM) was used to visualize the NS particle dispersion
after mixing with cement paste to be able to determine the technique’s efficacy for samples of this
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type. Cement paste was dropped on a 2 mm rivet holder and shock frozen by immersing into a
liquid nitrogen slush. Afterwards, samples were fractured, etched, and sputter-coated with Au/Pt in
a Leica EM MED020 with QSG10 (Leica Microsystems Inc., Buffalo Grove, IL, USA). Samples were
then transferred using the Leica EM VCT100 (Leica, Wetzlar, Germany) and imaged with an FEI Nova
NanoSEM 450 (FEI, Hillsboro, OR, USA). The accelerating voltage was 10 kV and the working distance
was 5.5 mm.

A cement paste sample was mixed using white Portland cement (w/c ratio 0.3) (Type I, ASTM C150,
Lehigh White Cement Co., Waco, TX, USA) and NS-75 (1.5% bwoc) [26]. The cement paste was mixed
in a LabRAM Mixer (Resodyn Acoustic Mixers, Butte, MT, USA) at an intensity of 50% for a total
mixing time of 300 s. The time between initial hydration and freezing was 1 h.

3. Results

3.1. Diluting NS

All four NS sols were altered and measured for particle size distribution (PSD) and zeta potential
(ZP). The effect of the concentration of NS particles was first studied to isolate the potential influence
of the number of particles in a sol. All sols except NS-75 in their as-received state were found to be
polydisperse, with a PDI greater than 0.5. Interestingly, the PSD for NS-20b changed as it was diluted.
It exhibited a bimodal distribution at higher concentrations and at concentrations below 8 wt % solid,
it exhibited a monomodal distribution, as shown in Figure 4, indicating a better dispersion quality.
At 2 wt %, the z-average was 24.7 nm (standard deviation (SD) = 0.4), which is close to the provided
value of 20 nm by the manufacturer. This suggests that at higher concentrations, the particles tend
to weakly agglomerate. By reducing the concentration, there is a greater time and distance between
particle collisions, resulting in a better dispersion quality.

Figure 4. Selected particle size distribution (PSD) of dilution of NS-20b demonstrating the transition
from bimodal to monomodal distributions.

NS-20a was too polydisperse for DLS until it was diluted to a concentration of 0.2 wt %.
The z-average was 68.3 nm (SD = 1.5), about three times the supplied value. NS-5 was too
polydisperse for quantitative results throughout all concentrations. It is hypothesized that these
two sols were polydisperse because of the increased specific surface area of the smaller particle
diameters. The increased surface energy was not strongly influenced by the reduction in concentration.
The complete results are reported in the Supplementary Materials.

The ZP as a function of solid concentration is shown in Figure 5. In the cases of the two
sodium-stabilized NS sols, NS-20b and NS-75, the size and ZP trends were directly correlated. As the
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size decreased, indicating a better dispersion quality, the ZP increased, indicating a higher stability.
On this plot, a lower, more negative value indicates a greater ZP. At a concentration between 2% and
4%, the sols experienced the largest ZP, indicating the highest stability.

Figure 5. Zeta potential of NS sols through a range of dilution.

Based on the experimental results, there exists an ideal solid concentration for the greatest stability
in DI water. Based on the PSD and ZP measurements, this can be concluded to be about 2 wt % solid
NS. This conclusion can only be made for NS-20b and NS-75, as the two other sols were not suitable
for DLS due to their high polydispersity and produced inconclusive results.

3.2. pH Adjustment

The pH of the NS sols was adjusted from about 2 to 12 at 2 wt % solid using HCl and
KOH. Throughout pH adjustment, the average size of the sols was remarkably consistent. For the
two sodium-stabilized sols, the difference between the maximum and minimum particle size was
7.5 nm (NS-20b) and 7.4 nm (NS-75). For the ammonia-stabilized NS-5, the difference was 5.4 nm.
The non-stabilized NS-20a experienced a difference in size of 8.9 nm.

NS-20b had its minimum size at a pH of 8: 23.0 nm (SD = 0.4). The maximum magnitude of ZP
was at a pH of 9: −43.3 mV (SD = 3.3). It is not surprising this was observed near its supplied pH
value of 9 since the sol is optimized by the manufacturer to experience the greatest stability at this pH.
From Figure 6 it is apparent that the average size reaches its greatest value at the ends of the pH scale.
The other three sols also generally experienced the largest sizes at the ends of the pH spectrum.

However, the ZP trends were not as apparent. Qualitatively, the ZP was lower at lower pH and
higher at higher pH, as is loosely observed in Figure 6. One reason is because the HCl used to lower the
pH compressed the electrical double layer. Compared to KOH, the HCl had a negative effect on the ZP.
For NS-20b, a reduction in ZP was measured but agglomeration did not occur as would be expected
from DLVO theory, exhibited in Figure 6. Similar trends were seen for NS-5 and NS-75. The complete
data is presented in the Supplementary Materials.

In a similar experiment, KOH was also added in concentrations relative to the PS to isolate its
effect. At the two lowest concentration, KOH1 and KOH2, NS-20b exhibited some agglomeration on
the order of magnitude of 3000 nm, while at higher concentrations it experienced a better dispersion
quality. NS-20a had a polydisperse size distribution at 2% solid, however, with the introduction of
KOH, the dispersion changed to monodisperse distribution. It reached an agglomeration state of
about 40 nm, or about twice the manufacturers supplied value, which remained fairly consistent
during significant pH adjustment. The addition of KOH altered the electrical double layer and
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resulted in a metastable state, where slight agglomeration occurred to yield the average size of 40 nm.
ZP measurements of NS-20a experienced a similar trend, remaining at about −32 mV. NS-5 exhibited
a similar trend of reaching a metastable agglomeration state, although it took an increased amount
of KOH to reach a monodisperse distribution. The initial agglomeration state was about twice the
supplied manufacturer’s value and approached three times that value at the highest concentration
of KOH.

Above pH 11, silica was expected to start dissolving. Effects of dissolution were not apparent.
Several samples were observed with DLS over a period of 96 h at a pH above 12. The average particle
size remained consistent, indicating that the particles were not dissolving. The remarkable stability
of the NS sols through a wide range of pH adjustment and over periods of time at high pH suggests
that the manufacturer’s proprietary stabilization method is fairly robust, which should be useful for
achieving uniform dispersion in a concrete mix.

Figure 6. pH adjustment of NS-20b with 0.1 M HCl and 0.1 M KOH; (a) displays z-average while
(b) reports zeta potential.

3.3. Calcium Nitrate

Calcium nitrate was added in several concentrations to isolate its effect in the PS at 2 wt % solid.
For NS-20b and NS-5, the sols were able to tolerate the addition of calcium nitrate up to Ca4. Above Ca4,
there was significant agglomeration and DLS could not provide meaningful data. The other two sols,
NS-75 and NS-20a, had a fairly constant size throughout the range of Ca2+ concentrations. From the
average size alone, it is apparent that Ca(NO3)2 has a greater influence on agglomeration than KOH.
After 24 h, all NS-Ca(NO3)2 samples were observed to sediment to the bottom of the cuvette, indicating
coagulation had occurred. It was hypothesized that the particle size and stabilizing ion would have an
influence on the agglomeration with the addition of Ca2+. However, no conclusions could be drawn
based on the PSD.

ZP measurements provide greater insight into the stability of these samples. All four sols
experienced a reduction in the magnitude of the ZP and switched from an initially negative ZP to
a positive ZP. NS-75 at Ca8 had a ZP of 29.2 mV (SD = 12.3), a difference of almost 78 mV without
Ca(NO3)2. Therefore, it can be concluded that Ca2+ significantly changes the surface charge of the silica
particles. This happens more rapidly than the K+ ions due to the higher valency of Ca2+. These ions
offset the surface charge and reduce the electrostatic repulsive forces. The bridging of particles with
calcium is hypothesized to be the main cause of agglomeration. Small concentrations (<Ca2) of
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Ca(NO3)2 resulted in large changes to the ZP. These results were consistent to those of Iler [41] and the
hypothesized mechanisms of agglomeration can be reported with confidence. These findings illustrate
the importance of DLS and ZP which provide different information on the same sample.

3.4. Synthetic Pore Solution

Synthetic PS was added in several concentrations to study the effects of the two previous
parameters combined. The concentration of the PS was reduced by dilution with DI water. Again,
this was added to the 2% solid.

NS-20b and NS-75 both experienced agglomeration beginning at PS4, with significant
agglomeration above that concentration. When KOH and Ca(NO3)2 were combined to create the
synthetic PS, its propensity to cause agglomeration was more significant than either component alone,
as predicted by Plank et al. [55]. The effects of increasing pH and the introduction of two cations,
K+ and Ca2+, accelerated the agglomeration. The magnitude of the ZP was greatly reduced and the
reduction occurred quicker with PS compared to either component alone. It is interesting to note
that in no case was the ZP positive, as was observed with the addition of Ca2+ only. Before ZP could
approach 0, significant agglomeration occurred. These results were expected from the hypotheses of
Iler [41] and Tadros [46] and can report these mechanisms with confidence.

PS10 is the pore solution concentration that would be equivalent in pH and ionic concentration to
an actual UHPC environment. It is apparent from Figure 7d and Table S13 that NS stability in an actual
concrete environment is far from being achieved. Since this pore solution only contains water, KOH,
and Ca(NO3)2 it can be inferred that the Ca(NO3)2 is the main contributor to NS agglomeration, due to
its bridging effect between silica particles.

Figure 7. ZP and size measurements for NS-20b: (a) solid concentration varied with DI water;
(b) potassium hydroxide concentration varied with DI water; (c) calcium nitrate concentration varied
with DI water; (d) pore solution concentration varied with DI water.

3.5. NS Visualization

An important aspect of understanding dispersion and agglomeration of NS in a true cementitious
environment is to directly observe what happens in a concrete sample. This can often be challenging
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as NS can lead to an increased amount of C-S-H gel and therefore making individual NS particles
indistinguishable. Observation of NS was explored by using cryoSEM, as shown in Figure 8. Since the
hydration was stopped after 1 hour, some NS was unreacted and visible. No NS particles were observed
to be completely separate from another NS particle and the NS appears to be spread out over about half
the cement grain. This data was not used quantitatively but proved that this will be a viable method to
explore the effects of cementitious pore solution on the dispersion of NS. Future data analysis could
include calculating the number of particles per unit area to quantify the dispersion quality. Based on
direct observation, the effects of superplasticizers on the dispersion of cement, silica fume, and NS can
be investigated. Ongoing research will utilize cryoSEM to visualize the effects of superplasticizers
tailored specifically for improved dispersion of NS.

 
Figure 8. CryoSEM image showing unreacted NS on a cement grain.

4. Conclusions

In this research, the stability of NS in a concrete environment has been studied. The optimal
concentration for the best dispersion quality of colloidal NS in a cementitious environment is 2 wt %
solid. This concentration allows for sufficient screening of short-range van der Waals attractive forces.
The supplied NS sols are fairly pH-robust since they tolerate a wide range of pH changes without
agglomerating. This is especially the case with the addition of KOH. The magnitude of the zeta
potential remained high and this helped to improve the dispersion quality. On the contrary, Ca2+ ions
are the main contributor to the agglomeration of NS in pore solution. Its higher valency further
compresses the electrical double layer, causing the ZP to shift and thus results in a positive surface
charge. This neutralization of negative sites results in a mosaic of positive and negative surface
charges, leading to bridging between silica particles. By analyzing the size and ZP measurements,
NS-20b experienced the best dispersion quality compared to the other three sols. This is due to its
intermediate surface area, compared to higher (NS-5) and lower (NS-75) surface areas. The smaller
particles were more susceptible to agglomeration due to the higher surface energy. Achieving stability
in full strength PS, representing UHPC, is far from being accomplished. NS sols of similar stabilization
methods and size will be of greater focus for future studies to obtain stability in PS. Methods to
neutralize the effects of Ca2+ will be specifically targeted to improve the dispersion quality in the
presence of PS. Finally, cryoSEM proved to be a valuable tool for cementitious material characterization
in the fluid state. The ability to stop hydration and image the microstructure in the fluid state will
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be critical to understanding the dynamics of NS interaction, and thus their dispersion quality in a
cementitious environment.

Supplementary Materials: The following material is available online at http://www.mdpi.com/1996-1944/12/12/
1976/s1.
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Abstract: The performance of alkali-activated slag (AAS) paste using activators of strong alkali
components is affected by the type, composition, and dosage of the alkaline activators. Promoting
the reaction of ground granulated blast furnace slag (GGBFS) by alkaline activators can produce
high-strength AAS concrete, but the workability might be drastically reduced. This study is aimed
to experimentally investigate the heat release, workability, and setting time of AAS pastes and the
compressive strength of AAS mortars considering the Na2O content and the ratio of Na2O to SiO2

(Ms) of binary alkaline activators blended with sodium hydroxide and sodium silicate. The test
results indicated that the AAS mortars exhibited a high strength of 25 MPa at 24 h, even at ambient
temperature, even though the pastes with an Na2O content of ≥6% and an Ms of ≥1.0 exhibited an
abrupt decrease in flowability and rapid setting.

Keywords: alkali-activator; GGBFS; Na2O content; Ms (SiO2/Na2O); workability; setting time

1. Introduction

Environmental imperatives such as the reduction of CO2 and conservation of natural resources are
becoming issues worldwide. However, because the cement industry emits large amounts of CO2 and
consumes much energy in the supply of raw materials and production processes, efforts are needed to
reduce CO2 emission and energy consumption by replacing cement with supplementary cementitious
materials (SCMs) such as ground granulated blast furnace slag (GGBFS) and fly ash (FA). Thus, in order
to totally replace cement with GGBFS and FA attempts have been made to create zero-cement concrete
by the alkali activation of GGBFS and FA [1–5].

Alkali-activated slag (AAS) concrete, which is produced by using an alkali activator on GGBFS,
is a typical zero cement concrete. As GGBFS is calcium aluminosilicate vitreous, it has strong latent
hydraulic properties. However, alkaline (pH = 12) activators are needed to stimulate GGBFS. After the
GGBFS is stimulated, Si4+, Al3+, Ca2+, Mg2+, and Na+ ions are eluted from GGBFS and the reaction of
GGBFS proceeds. It should be noted that GGBFS activated in this way has very fast reaction rates due to
chemical ionic reactions [6]. Alkaline activators largely impact the properties of AAS concrete and thus,
their characteristics such as the alkali concentration, the dosage, and the water-to-solid ratio should be
examined prior to the mixture design of AAS concrete [7,8]. In general, soluble alkali or alkali salts can
be used as alkaline activators. When considering the strength development and economic efficiency of
AAS concrete, the most commonly used activators are Na2SiO3 (sodium silicate) and NaOH (sodium
hydroxide). A better understanding of the effects of such alkaline activators on the reaction mechanisms
of alkali-activated slag could indicate ways to optimize the use of alkaline activators.

Recently, research has been conducted to improve the performance of AAS concrete by blending
two types of alkaline activators [9]. When such a binary alkaline activator is used, the characteristics
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possessed by each alkaline activator can be complementarily utilized [10,11]. NaOH promoted initial
reaction of AAS, and Na2SiO3 was effective in increasing the strength of AAS concrete. Chang [12]
evaluated the setting characteristics of silica-activated pastes depending on the type of alkaline activator
used and concluded that setting time significantly reduced as the amount of alkaline activator increased.
Zuo et al. [13] showed that though the reaction degree increased as the amount of alkaline activator
increased, the reaction degree no longer increased when the amount of alkaline activator was greater
than 6 wt.% of cement. Krizan and Zivanovic [14] reported that high strength could be expected
when the Ms (SiO2/Na2O) were in the range of 0.6–1.5. As described above, as the amount of alkaline
activator increases, the reaction of GGBFS increases and the strength of AAS concrete also increases.
Therefore, it is necessary to determine an appropriate range for the usage amount of the activator for
the mix design of AAS concrete. In particular, the effects of Na2O and SiO2 concentrations in alkaline
activators on the strength development of AAS concrete should be examined in order to effectively use
the alkaline activators.

AAS concrete, which stimulates GGBFS using alkaline activators, rapidly increases in strength in
the early ages and exhibits high strength of 40 MPa or more at 28 days [15,16]. However, because the
initial reaction rate of GGBFS by alkaline activators is extremely high, several problems with AAS,
such as the flowability being lost initially or rapid setting occurring, must be improved for it to be used
in a practical setting [17–19]. To address this, the effects of the alkaline activator on the fresh properties
of AAS concrete such as workability and setting should be examined, even though the AAS activation
mechanism at early ages has not been clearly identified.

In this study, in order to identify the characteristics of AAS pastes, a binary alkaline activator that
was a blend of NaOH and Na2SiO3 was used. Nine types of AAS paste mixture, varying by their Na2O
content and the ratio of Na2O to SiO2 (Ms), were tested. First, the reactivity of the AAS was evaluated
for 24 h through the calorimetric measurement of the AAS pastes, and the workability and setting time
were measured. Furthermore, to quantitatively analyze the instant at which flowability is lost and
setting occurs in the AAS pastes, the viscosity and ultrasonic pulse velocity of the pastes were measured.
Lastly, the compressive strength of the AAS mortars was measured up to 24 h. Consequently, it was
found that the workability and setting of AAS pastes and the initial strength development of the AAS
mortars were significantly affected by Na2O content and Ms.

2. Materials and Method

2.1. Materials and Alkaline Activator

GGBFS obtained from POSCO (Pohang, Korea) was used as a binder. The chemical composition
of the GGBFS determined with X-ray fluorescence (XRF, BRUKER S8 Tiger, Billerica, MA, USA) is
given in Table 1. The GGBFS was composed of 44.0% CaO, 33.7% SiO2, 13.8% Al2O3, and 5.2% MgO
and thus, its basicity coefficient (Kb = (CaO +MgO)/(SiO2 + Al2O3)) was 1.04, which is similar to the
neutral value of 1.0 for the ideal alkali activation [12]. The hydration modulus (HM = (CaO +MgO +
Al2O3)/SiO2) was 1.87, which was 33.5% higher than the required value of 1.4 for sound hydration
properties of GGBFS [12,19]. Table 2 shows the physical properties of GGBFS. The density and Blaine
air permeability of the GGBFS were 2.90 g/cm3 and 4253 cm2/g, respectively. Figure 1 shows the particle
size distribution of GGBFS measured with a laser particle size analyzer (PSA, BECKMAN COULTER
LS 13 320, Brea, CA, USA). The medium particle size (d50), which represents the particle size of a cluster
of particles, was 10.2 μm, and d10 and d90 were 1.4 μm and 33.2 μm, respectively. The dissolution of
GGBFS is dominated by small particles. That is, particles >20 μm react slowly, while particles <2 μm
react completely after 24 h in alkali-activated binders [20,21].

The physical properties of the fine aggregates that were used and the mortar production were
measured complying with ASTM C 128-15 [22] and ASTM C 33-13 [23]. The fine aggregates were the
crushed sands of granite, and their density and absorption rate were 2.62 g/cm3 and 1.04%, respectively.
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Figure 2 shows the particle size distribution of fine aggregates. The max. size of the fine aggregate was
4.76 mm, and the fineness modulus was 2.74.

Two types of alkaline activator, sodium hydroxide (98% purity, Duksan, Ansan, Korea) and
sodium silicate (Type 3 industrial water glass, Na2SiO3, Ganachem, Ulsan, Korea) were used to activate
the GGBFS. The chemical composition of sodium silicate solution was SiO2 = 28.3 wt.%, Na2O =
9.3 wt.%, and H2O = 62.4 wt.%. A 2 M sodium hydroxide solution was prepared by mixing with
deionized water. Furthermore, because NaOH would release heat when mixed with water, in order
to cool down to ambient temperature, the alkaline activator was stored in a chamber at 20 ◦C and
the relative humidity (RH) of 60% for 24 h prior to casting AAS pastes. The pH of the activators was
ranged 13.2–13.6, as measured using a pH meter (HORIBA, LAQUA 74bW, Kyoto, Japan).

Table 1. Chemical composition of ground granulated blast furnace slag (GGBFS) (wt.%).

Type CaO SiO2 Al2O3 MgO SO3 TiO2 K2O MnO Fe2O3

GGBFS 44.0 33.7 13.8 5.2 1.2 0.7 0.5 0.2 0.1

Table 2. Physical properties of GGBFS.

Type Density (g/cm3) Blaine (cm2/g)
Particle Size Distribution (μm)

Mean d10 d50 d90

GGBFS 2.90 4253 14.2 1.4 10.2 33.2

  
(a) (b) 

Figure 1. Particle size characteristics of GGBFS: (a) particle size distribution, (b) cumulative particle
size distribution.
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Figure 2. Particle size distribution curve of fine aggregates.
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2.2. Mixture Design

Table 3 shows the mixture design of the AAS pastes used to evaluate the workability and setting
of the AAS pastes. In this study, a liquid-to-binder ratio (l/b, binder = GGBFS content) was fixed as
0.42 and the Na2O content and Ms of alkaline activator were varied. It should be noted that the water
content of Na2SiO3 was included in the required water content. Also, NaOH was added as an alkali
activator in order to adjust Ms according to the dosage of Na2SiO3. The Na2O content was set to 4%,
6%, and 8% according to the weight of the GGBFS, and the three levels of Ms were considered at 0.75,
1.00, and 1.25. Thus, nine AAS paste mixtures were designed, and the amount of alkaline activators for
each mixture was determined, as shown as Table 3. In the mixture section in the table, the first and
second components represent Na2O content and Ms, respectively. To produce the AAS mortar mixture,
twice as much fine aggregate as GGBFS was added to the AAS paste mixture.

Table 3. Mixture design of alkali-activated slag (AAS) pastes with respect to 100 g of binder.

Mixture Na2O SiO2
Alkaline

(Na2O + SiO2)

Ms
(SiO2/Na2O)

Alkali Activator
l/b

NaOH Na2SiO3

4-0.75 4.0 3.0 7.0 0.75 3.89 10.60

0.42

4-1.00 4.0 4.0 8.0 1.00 3.47 14.13
4-1.25 4.0 5.0 9.0 1.25 3.04 17.67
6-0.75 6.0 4.5 10.5 0.75 5.83 15.90
6-1.00 6.0 6.0 12.0 1.00 5.20 21.20
6-1.25 6.0 7.5 13.5 1.25 4.56 26.50
8-0.75 8.0 6.0 14.0 0.75 7.78 21.20
8-1.00 8.0 8.0 16.0 1.00 6.93 28.27
8-1.25 8.0 10.0 18.0 1.25 6.08 35.34

2.3. Test Method

2.3.1. Calorimetric Measurement

GGBFS generates heat during reacting with alkaline activator. To measure the heat, GGBFS and
water were stored for 24 h in the calorimeter equipment at 20 ◦C. The AAS paste mixtures were
prepared by mixing the GGBFS, water, and alkaline activators using an internal propeller for 5 min.
The mixture was placed into the calorimeter (Tokyo-Riko, Three-point multi-purpose conduction
calorimeter, Tokyo, Japan). The temperature range of the equipment was 5–60 ◦C, and the temperature
stability was 5 × 10−3 ◦C/5 ◦C. The amount of heat release was measured immediately after mixing the
AAS paste up to 24 h.

2.3.2. Workability

The workability of AAS paste mixtures was tested using the mini slump test method. Figure 3
shows a mini slump setup and flow measurement of AAS paste. The mold for the mini slump test
was made of brass, and its height was 50 mm, the top opening was 70 mm, and the bottom opening
was 100 mm. After filling the mold with the paste mixture, the mold was lifted and the spread length
of the mixture was measured. The mini slump of the AAS paste was tested a total 13 times for each
paste, from 0 min through 60 min at 5 min intervals after casting the paste complying with ASTM C
1437-15 [24]. In order to eliminate the possibility of measurement errors in the test due to moisture
evaporation from the surface of the paste, the paste was remixed for 30 s before mini slump test.
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(a) (b) 

Figure 3. A mini slump test: (a) test setup, (b) flow measurement of AAS paste.

2.3.3. Setting Time

The Vicat test (per ASTM C 191-18a [25]) test was carried out to measure the setting time of the
AAS pastes inside a room chamber at 23 ◦C and 50% (RH). The Vicat initial time of setting is defined
as the elapsed time between the initial contact of cement and water and the penetration of 25 mm.
The Vicat final time of setting end point is defined as the first penetration measurement that did not
mark the specimen surface with a complete circular impression.

2.3.4. Rheology and Ultrasonic Pulse Velocity (UPV)

The rheology and UPV tests were adopted to evaluate the timing at which the AAS paste lost
its flowability, by measuring the viscosity and ultrasonic pulse velocity of the AAS paste according
to the elapsed time. The rheology test measured viscosity through a paste viscometer using the
friction resistance between the spindle and the paste rotating at a speed of 5 rpm. To determine the
moment that flowability was lost in the AAS paste, the time to reach maximum measurable viscosity
was recorded. The UPV test was carried out by placing the oscillator and receiver on acrylic boxes
(thickness: 10 mm; ultrasonic velocity of acryl: 2740 m/s) placed 20 mm apart, filling the container with
paste, and measuring the transmission time of ultrasonic waves through the oscillator and receiver at
intervals of 30 s with the measurement frequency of 5 kHz.

2.3.5. Compressive Strength

To investigate the influence of Na2O content and Ms on the compressive strength development
of AAS mortars up to 24 h, uniaxial compression test was conducted. A mortar mixer was used for
mixing 2-liter batches. After premixing GGBFS and fine aggregates for 30 s, the alkaline activator
and water were added at low speed. Mixing continued at low speed for 90 s and at high speed for
1 min. Cube mortar specimens (50 × 50 × 50 mm3) were prepared complying with ASTM C109-16a [26]
and cured in a chamber at 20 ± 2 ◦C and the relative humidity (RH) of 60 ± 2%, for curing at the
environmental condition similar to general ambient condition. Compressive strength of the mortar
specimens was measured at 12 h, 18 h, and 24 h after casting the AAS paste. The compressive strength
was obtained as an average value of three AAS mortar specimens.

3. Results and Discussion

3.1. Heat Release of Pastes

Figure 4 shows the calorimetric curves for the rate of heat release according to Na2O content.
The AAS pastes, excluding the paste with 4% Na2O, had two peaks of heat [13]. When Na2O content
was greater than 6% of binder weight, the first peak of heat occurred at 30–60 min, which resulted
mainly from the wetting and partial dissolution of GGBFS by NaOH and partly from the reaction of
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GGBFS by Na2SiO3. The second peak was observed between 6 h and 12 h, which corresponds mainly to
the formation of reaction products [27]. That is, when Na2O content was fixed to be 6% or 8%, the first
peak of heat increased as Ms increased, in other words, SiO2 content increased. In particular, the paste
with 6% Na2O content showed a relatively high first peak and a clear secondary peak. Ravikumar and
Neithalath [28] reported a similar result, stating that at constant Na2O content, the Ms was a main
factor in increasing both the speed and the magnitude of the first peak of heat. For the pastes with
alkaline activators of 4% Na2O content, the first peak of heat was relatively low and the secondary
peak occurred after the induction since the amount of alkaline activators was less. This is a similar
tendency to the rate of heat release curve when only Na2SiO3 was used [27].
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Figure 4. Rate of heat release curves of AAS pastes for 24 h: (a) Na2O content = 4%,
(b) Na2O content = 6%, (c) Na2O content = 8%.

3.2. Workability

Figure 5 shows the mini slump test results for AAS pastes with a l/b of 0.42. The paste without
an alkaline activator demonstrated an initial flow of 182 mm, while the pastes with alkaline activators
showed an initial flow of 205–350 mm. All of the AAS pastes with alkaline activators of 6% and 8%
Na2O content lost their flowability within 15 min. The flowability decreased more rapidly as Ms
increased; specifically, for the 8-1.25 paste, with the highest Na2O content and Ms, hardening occurred
just after 5 min after mixing. As mentioned in Section 3.1, this is because the activation and reaction
of GGBFS by the alkali activators occurred rapidly at the early ages. Once the AAS paste lost its
flowability, the pastes began to harden quickly. These tendencies appeared as Ms increased because
more reaction products of the GGBFS were produced by the sufficient supply of SiO2 [14].

The AAS paste with alkaline activators of 4% Na2O content maintained a flow of >200 mm for 1 h
after mixing. Similarly, Puertas et al. [29] reported that the analysis of the flow performance of AAS
pastes with alkaline activators of less than 5% Na2O content showed that when Ms was lower than 0.8,
the flowability of the paste was maintained for 60 min.
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Figure 5. Mini slump curves of AAS pastes: (a) Na2O content = 4%, (b) Na2O content = 6%, (c) Na2O
content = 8%.

The mini slump test results of the AAS pastes with l/b of 0.45 or 0.48 are shown in Figure 6.
The AAS pastes with l/b of 0.45 and 0.48 lost flowability at 20 min and 25 min, respectively, while the
AAS pastes with l/b of 0.42 lost flowability within 15 min. When l/b increased from 0.42 to 0.48,
flowability was enhanced by just 10 min.
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Figure 6. Mini slump curves of AAS pastes: (a) l/b = 0.45, (b) l/b = 0.48.

It was also observed that the higher the Ms, the lower the initial flow of the AAS paste. This is
because as the Ms increased, workability was reduced due to the increase of the reaction products of
the GGBFS [14,30,31]. However, the times at which the AAS pastes lost their workability were nearly
identical regardless of the Ms.
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3.3. Setting Time

Table 4 shows the Vicat test results of the AAS pastes on the initial and final setting time.
The setting of the AAS paste was accelerated by the increase of activation and reaction of the GGBFS
when the dosage of alkaline increased. Similarly, Chang [12] reported that the setting time of the
AAS pastes correlated with the sum of the Na2O (from NaOH and Na2SiO3) and SiO2 (from Na2SiO3)
concentrations of the alkali activator. For AAS pastes with less than 8 g of alkaline (per 100 g of GGBFS),
setting time significantly increased as the dosage of alkaline was low. For AAS pastes with more than
10 g of dosage of alkaline, setting was accelerated; initial setting occurred within 1 h, as shown in
Figure 7. When the dosage of alkaline increased to more than 14 g, final setting occurred within 30 min.

Table 4. Vicat test results of AAS pastes.

Mixture Initial Setting Time (min) Final Setting Time (min)

4-0.75 280 355
4-1.00 65 112
4-1.25 33 53
6-0.75 46 60
6-1.00 34 45
6-1.25 24 40
8-0.75 19 28
8-1.00 17 27
8-1.25 16 25
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Figure 7. Setting time of AAS paste by the dosage of alkaline.

3.4. Viscosity Measurement Limit and Ultrasonic Pulse Velocity

Figure 8 shows the rheology test results of the AAS pastes with Na2O content and Ms. The viscosity
measurement limit (VML) refers to the point at which flowability is lost in the fluid state. As described
in Section 3.2, the flow of the paste showed a tendency for the flowability to decrease abruptly
immediately before the loss of flowability, and the shear stress rapidly increased 3 to 5 min before
reaching VML. As shown in Table 4, the min. and max. VML times of the AAS paste with ≥6% Na2O
content were 540 s for 8-1.25 and 1040 s for 6-0.75, respectively. These VMLs were much correlated
with the time at which AAS pastes lost their flowability, as shown in Figure 5b,c, since the GGBFS
reaction was quickened by tens of minutes after the mixing.

The AAS paste with 4% Na2O retained its flowability for up to 1 h in the mini slump test, but its
VML was only 15–20 min. This was because the AAS paste was remixed for 30 s before the measurement
of the flow, while in the rheology test, the shear stress of the AAS paste was measured continuously for
30 min without remixing.
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Figure 8. Rheology test curves for AAS pastes: (a) Na2O content = 4%, (b) Na2O content = 6%, (c) Na2O
content = 8%.

Figure 9 shows the ultrasonic pulse velocity (UVP) measurements of the AAS pastes; the initial
ultrasonic velocity of the paste was 302.5–405.0 m/s regardless of the mixture type [32,33]. This indicates
that the paste was in a fluid state. Afterwards, as the paste lost its flowability, the UPV increased
sharply, and during certain periods of time before VML was reached, the UPV increased intermittently
rather than continuously. Table 5 summarizes the UPVs of the time at which the VML was reached.
The UPVs of the AAS pastes increased gradually during the reaction of the GGBFS [34]. The rheology
test results showed that when the AAS paste reached the VML, the UPVs were confirmed to be
900–1000 m/s. After the VML, the UPVs increased steadily, and then, the increase rate of UPVs differed
in accordance with the Na2O content and Ms. It is observed in Figure 9 that after the VML, UPVs of
the AAS pastes with an Na2O content of ≥6% and Ms of ≥1.00 rapidly increased, but UPVs of the AAS
pastes with 4% Na2O content or Ms of 0.75 modestly increased.

Table 5. Ultrasonic pulse velocities (UPVs) and viscosity measurement limits (VMLs) of AAS pastes.

Mixture VML (min:s) UPV (m/s) at VML

4-0.75 19:40 990.75
4-1.00 16:20 929.75
4-1.25 15:20 939.00
6-0.75 17:20 967.75
6-1.00 14:00 909.50
6-1.25 11:20 911.75
8-0.75 12:20 936.50
8-1.00 11:00 909.50
8-1.25 9:00 972.50
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Figure 9. UPV curves for AAS pastes: (a) Na2O content = 4%, (b) Na2O content = 6%, (c) Na2O
content = 8%.

3.5. Compressive Strength

Figure 10 shows the compressive strength development of the AAS mortars. The AAS mortars
with a 4% Na2O content had a compressive strength of<1 MPa up to 24 h regardless of Ms, implying that
the increase of SiO2 content did not significantly affect the compressive strength development. This is
consistent with the very low heat release for the initial 24 h, as shown in Figure 4a. On the other hand,
although the mortar with ≥6% Na2O showed an increase in strength as time elapsed, the compressive
strength differed in accordance with the Ms. When Ms remained constant, the compressive strength
development of the AAS mortars with 8% Na2O was very similar to that of the AAS mortars with
a 6% Na2O. This was in accordance with the results of Zuo et al. [13], who reported that when Na2O
was greater than 6%, the reaction degree did not increase significantly with time, which in turn kept
compressive strength relatively constant.
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Figure 10. Cont.
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Figure 10. Compressive strength development of AAS mortar specimens cured in a chamber at 20 ◦C:
(a) Na2O content = 4%, (b) Na2O content = 6%, (c) Na2O content = 8%.

4. Conclusions

The objective of this study was to investigate the effects of Na2O content and Ms of the alkali
activator on the workability and setting of AAS pastes. To evaluate the fresh properties of the pastes,
mini slump, Vicat test, and rheology/UPV test were applied. Based on the experimental results,
the following conclusions can be drawn:

1. The Na2O content and Ms strongly affected the rate of heat release, workability, and setting
time of alkali-activated pastes. In particular, when alkaline activators with Na2O content of ≥6%
(Ms = 0.75–1.25) were used, the activation and reaction of the GGBFS were enhanced because
of the effects of high dosage of alkaline (Na2O + SiO2), which resulted in workability rapidly
decreasing and setting quickly occurring. However, the Na2O content and Ms did not significantly
affect the compressive strength development of the AAS mortars when the Na2O content increased
from 6% to 8%. On the other hand, for the pastes with Na2O content = 4%, the rate of heat release
was quite low for the initial 24 h and setting was delayed up to 4 h and 40 min, and even the
workability was maintained for more than 1 h.

2. In AAS pastes with high Na2O content, setting occurred within a few minutes after flowability
was lost, and thus, it was not easy to measure the flowability with the existing mini slump test.
However, since the changes in viscosity of the paste can be continuously monitored over time
using the rheology/UPV test, the measurement of VML and UPV could allow the quantitative
assessment of the time at which flowability was lost and consequently, to predict the initial setting
time of the paste.

3. For the production of AAS concrete with high early strength of 25 MPa at 24 h, it is suggested
from the test results that the Na2O content and Ms of the alkaline activator should be as much as
6% and 1.0, respectively. However, to secure the workability of AAS paste, chemical admixtures
such as superplasticizers should be used to adequately control the workability and setting in
highly alkaline environments.
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19. Nedeljković, M.; Li, Z.; Ye, G. Setting, strength, and autogenous shrinkage of alkali-activated fly ash and slag
pastes: Effect of slag content. Materials 2018, 11, 2121. [CrossRef]

20. Wan, H.; Shui, Z.; Lin, Z. Analysis of geometric characteristics of GGBS particles and their influences on
cement properties. Cem. Concr. Res. 2004, 34, 133–137. [CrossRef]

21. Wang, P.; Trettin, R.; Rudert, V. Effect of fineness and particle size distribution of granulated blast-furnace
slag on the hydraulic reactivity in cement systems. Adv. Cem. Res. 2005, 17, 161–167. [CrossRef]

22. ASTM C128-15. Standard Test Method for Relative Density (Specific Gravity) and Absorption of Fine Aggregate;
ASTM International: West Conshohocken, PA, USA, 2015.

23. ASTM C33-13. Specification for Concrete Aggregates; ASTM International: West Conshohocken, PA, USA, 2013.
24. ASTM, C1437-15. Standard Test Method for Flow of Hydraulic Cement Mortar; ASTM International:

West Conshohocken, PA, USA, 2015.
25. ASTM, C191-18a. Standard Test Methods for Time of Setting Hydraulic Cement by Vicat Needle; ASTM International:

West Conshohocken, PA, USA, 2018.
26. ASTM C109-16a. Standard Test Method for Compressive Strength of Hydraulic Cement Mortars (Using 2-in. or

[50-mm] Cube Specimens); ASTM International: West Conshohocken, PA, USA, 2016.

26



Materials 2019, 12, 2072

27. Shi, C.; Day, R.L. A calorimetric study of early hydration of alkali-slag cements. Cem. Concr. Res. 1995, 25,
1333–1346. [CrossRef]

28. Ravikumar, D.; Neithalath, N. Reaction kinetics in sodium silicate powder and liquid activated slag binders
evaluated using isothermal calorimetry. Thermochim. Acta 2012, 546, 32–43. [CrossRef]

29. Puertas, F.; Varga, C.; Alonso, M.M. Rheology of alkali-activated slag pastes. Effect of the nature and
concentration of the activating solution. Cem. Concr. Compos. 2014, 53, 279–288. [CrossRef]

30. Huanhai, Z.; Xuequan, W.; Zhongzi, X.; Mingshu, T. Kinetic study on hydration of alkali-activated slag. Cem.
Concr. Res. 1993, 23, 1253–1258. [CrossRef]
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Abstract: Steel fiber embedded in concrete serves to reduce crack development and prevent crack
growth at the macroscopic level of the concrete matrix. Steel fiber-reinforced concrete (SFRC) with
high compressive concrete strength is affected primarily by the dimensions, shape, content, aspect
ratio, and tensile strength of the embedded steel fiber. In this study, double-ended hook steel fiber
was used in SFRC with a concrete compressive strength of 80 MPa. This fiber was used for the study
variables with two aspect ratios (64, 80) and tensile strength values up to 1600 MPa. The flexural
performance of the SFRC specimens was evaluated using crack mouth open displacement tests, and
the test results were compared with code provisions. A modified reinforcement index was also used
to quantify the flexural performance based on comparisons with fracture energy.

Keywords: steel fiber; fiber content; aspect ratio; toughness index; high-strength concrete

1. Introduction

The addition of steel fiber into concrete mixtures mitigates brittle failures in the concrete matrix.
Specifically, the bridging effect of the steel fiber in the concrete mixture, which occurs after cracking,
enhances the mixture’s structural behavior in terms of shear strength, flexural strength, ductility, impact
resistance, and fatigue [1–3]. The distribution of stress throughout steel fiber-reinforced concrete
(SFRC) after cracks appear causes the cracks to widen significantly at the macroscopic level of the
concrete matrix so that local crack propagation can be controlled. However, an excessive amount of
added steel fiber leads to a reduction of the workability and segregation of the mix [4]. Experimental
studies found in the literature [5] are limited to steel fiber aspect ratios of 70 and tensile strength values
of 1000 MPa. Therefore, for test purposes, fiber content alone as a test variable is not sufficient. The
fiber aspect ratio and tensile strength must also be considered. A wider range of design variables,
including various aspect ratios and high tensile strengths, is needed.

Gao et al. (1997) [6] investigated the flexural behavior of high-strength concrete with a range of
fiber contents (0%–2.0%) and aspect ratios (46–70). As the fiber content and aspect ratio were increased
in the Gao et al. study, the flexural strength improved by 9.6% to 90%, and the experimental results
indicated that a fiber content of 1.0% to 1.5% is needed to enhance the flexural behavior of high-strength
concrete. Yazıcı et al. (2007) [7] derived similar results to Gao et al. (1997) [6], who showed that the
flexural strength increased from 3% to 81% with an increase in the steel fiber content and aspect ratio in
SFRC mixtures. The mechanical properties of SFRC with the compressive concrete strength of 50 MPa
and variables of different steel fiber contents (0%–1.5%) and aspect ratios (45, 65, 80).
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Köksall et al. (2008) [8] also evaluated the flexural performance of concrete with compressive
strength values of 40 MPa to 70 MPa and two different fiber aspect ratios (65, 80), as well as fiber
contents (0.5%, 1.0%). As in the earlier studies by Gao et al. (1997) [6] and Yazıcı et al. (2007) [7], the
flexural strength increased with an increase in fiber content and aspect ratio. However, the flexural
strength decreased with an increase in the compressive strength of the concrete. The result was a higher
bond strength of the concrete matrix than the tensile strength of the fiber, which caused the fibers in
the concrete mixture to rupture. Therefore, Köksall et al. (2012) [9] continued to study the mechanical
properties of SFRC with respect to concrete compressive strength and fiber tensile strength. They found
that variations of the mechanical properties of SFRC were insignificant when using normal concrete.
However, the mechanical properties were highly affected in SFRC with high-strength concrete.

In short, the high tensile strength of the steel fiber used in high-strength SFRC contributes to the
mitigation of cracking and to energy dissipation. Related research conducted by the author indicates
the necessity for high-performance steel fiber to improve the toughness and flexural strength of
high-strength concrete [10]. Studies associated with the mechanical characteristics of high-strength
SFRC, which focus on fiber content, aspect ratio, and tensile strength, are needed to ensure good
performance without loss of workability due to the excessive fiber content in high-strength SFRC.
In this study, we investigated the flexural performance of SFRC by measuring crack mouth opening
displacement (CMOD).

2. Experimental Program

2.1. Material Preparation and Fabrication

In this study, the design compressive concrete strength (fck) was 80 MPa, with a water-to-binder
ratio of 25% and steel fiber contents of 0.5% and 1.0% (percentage by volume) as variables. Table 1
shows the mix design of the SFRC used in this study. Typical Portland cement Type I (Density:
3.15 g/cm3), Crushed aggregate, Fly-ash Density: 2.12g/cm3, Blaine: 2976 cm2/g)

Table 1. Mix design of study steel fiber-reinforced concrete.

fck (MPa) W/B (%) Air (%)
Unit Weight (kg/m3)

W C SF FA S G Steel Fiber

80 25 4 165 462 66 132 643 813

0

39.3

78.5

Notes: fck: compressive concrete strength, W/B: water-to-binder ratio, W: water, C: Portland cement Type I (Density:
3.15 g/cm3), SF: silica fume, FA: fly ash (2.12g/cm3, Blaine: 2,976 cm2/g), S: sand (Density: 2.56 g/cm3, Absorption
Ratio: 1.18%), G: gravel (Density: 2.65 g/cm3).

Figure 1 presents the different dimensions of the double-ended hook steel fiber used in this study.
The literature has shown that double-ended hook steel fiber provides excellent performance [11].
In this study, the main variables were the steel fiber aspect ratios and tensile strength values. For the
specimens with aspect ratios of 64, two tensile strengths of 1200 MPa and 1600 MPa were used, and for
the specimens with the aspect ratio of 80, two tensile strengths of 1000 MPa and 1600 MPa were used.
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(a) 35 mm × 0.55 mm 

 

 
(b) 60 mm × 0.75 mm 

Figure 1. Fibers used in this study.

In order to evaluate the effects of the properties of the steel fiber on the flexural behavior of the
SFRC, nine beam specimens, 150 mm × 150 mm × 550 mm, were prepared according to the European
Standard EN-14651 standard [12]. These flexural test specimens were cured in a steel mold for 24 h and
then, after removal from the mold, were cured in water at 20 ◦C ± 1 ◦C until testing. Prior to testing,
the specimens were also sawed to create a 5 mm wide and 25 mm deep notch on the bottom of each
specimen, as shown in Figure 2.

Figure 2. Dimensions of the beam specimen (unit: mm).

The specimen designations used in this study reflect the aspect ratio of the steel fiber, the tensile
strength of the steel fiber, and the steel fiber content (its volume fraction). For example, 64-NTS-0.5
indicates that the specimen has a fiber aspect ratio of 64, a normal tensile strength (NTS) (1200 MPa),
and 0.5% fiber.

2.2. Test Set-Up

Flexural tests were conducted using a 200 kN universal testing machine (Heungjin, Kimpo,
Republic of Korea). Figure 3 shows the test set-up for a CMOD specimen. Center-point loading was
applied with a displacement rate of 0.3 mm/min. LVDTs (linear variable differential transformers) were
installed to measure the CMOD.
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Figure 3. Test set-up for crack mouth opening displacement (CMOD) tests of steel fiber-reinforced
concrete (SFRC) specimens.

3. Results and Discussion

3.1. Flexural Stress CMOD Curves for SFRC Specimens

Figure 4 presents the flexural stress-CMOD curves of the SFRC mixtures with respect to their
different steel fiber contents and the tensile strengths of the steel fiber.

 
(a) 0.5% Fiber content with aspect ratio of 64 (b) 1.0% Fiber content with aspect ratio of 64 

 
(c) 0.5% Fiber content with aspect ratio of 80 (d) 1.0% Fiber content with aspect ratio of 80 

Figure 4. Flexural stress versus CMOD curves for high-strength SFRC specimens with different fiber
contents and aspect ratios.
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The flexural performance of the SFRC was evaluated in accordance with the EN-14651 standard [12].
The bending stress in the linear region and residual bending stress were calculated using Equations (1)
and (2), respectively:

fLOP =
3FLOPL
2bhsp2 (1)

fRj =
3FjL

2bhsp2 (2)

where fLOP is the flexural stress that corresponds to the LOP (N/mm2), FLOP is the load that corresponds
to the limit of proportionality (LOP) (N), L is the span length (mm), b is the width of the specimen (mm),
hsp is the distance between the the lowest point of the notch and the top of the specimen (mm), fR.j is
the residual flexural tensile strength that corresponds to the specified CMOD, and Fj is the flexural
load that corresponds to the specified CMOD.

Figure 5 shows typical load-CMOD curves according to EN-14651 standard. FLOP can be defined in
two ways, as represented by Case 1 and Case 2 in the figure. The flexural load FLOP can be determined
at the CMOD at 0.05 mm (Case 1 in the figure) or by taking the highest load values in a range within
0.05 mm (Case 2).

Figure 5. Typical load-CMOD curves (EN-14651).

Table 2 summarizes the test results of the CMOD curves presented in Figure 4.

Table 2. Test Results for Flexural Performance of High-Strength SFRC Mixtures.

Specimen
fLOP fR fR1 fR3 fR1/fLOP fR3/fR1

Gf
(MPa) (MPa) (MPa) (MPa) (N/m)

CON
7.02 7.02 - - - - -

(±0.29) (±0.29)

64-NTS-0.5
6.43 6.87 6.07 2.05 0.94 0.34 1950.70

(±1.30) (±0.57) (±3.64) (±1.13) (±0.18) (±0.01) (±370.87)

64-NTS-1.0
7.83 10.69 10.50 4.09 1.34 0.39 4651.73

(±0.50) (±0.28) (±0.58) (±2.18) (±0.07) (±0.07) (±1088.41)

64-HTS-0.5
6.57 8.89 6.26 8.18 0.96 1.31 10,317.59

(±0.30) (±0.62) (±1.56) (±1.79) (±0.10) (±0.06) (±618.37)

64-HTS-1.0
7.98 13.06 11.09 12.18 1.39 1.10 13,673.07

(±2.18) (±1.53) (±3.82) (±2.40) (±0.19) (±0.01) (±1127.82)
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Table 2. Cont.

Specimen
fLOP fR fR1 fR3 fR1/fLOP fR3/fR1

Gf
(MPa) (MPa) (MPa) (MPa) (N/m)

80-NTS-0.5
7.86 8.20 7.13 3.12 0.88 0.44 4372.64

(±0.16) (±0.08) (±1.22) (±0.06) (±0.04) (±0.03) (±74.61)

80-NTS-1.0
8.81 14.50 14.36 6.55 1.63 0.45 6755.17

(±0.77) (±0.49) (±1.88) (±2.63) (±0.10) (±0.04) (±344.22)

80-HTS-0.5
7.00 11.85 7.27 11.30 1.04 1.56 23,765.02

(±0.41) (±0.41) (±0.15) (±0.61) (±0.08) (±0.12) (±1041.55)

80-HTS-1.0
8.39 16.86 12.46 16.55 1.49 1.33 32,813.33

(±0.30) (±0.39) (±0.13) (±0.53) (±0.04) (±0.03) (±994.72)

Note: CON: control specimen; fLOP is the flexural stress that corresponds to the LOP (N/mm2).

Strain-softening characteristics were observed for the 64-NTS-0.5 after initial cracking. However,
Strain-hardening was shown to occur continuously for the 64-NTS-1.0 specimen with an increase in
CMOD after initial cracking. Strain-hardening characteristics were also observed for both 64-HTS-0.5
and 64-HTS-1.0. Furthermore, no abrupt load drop occurred after the specimens reached their
maximum flexural strengths.

Depending on the fiber content, the flexural behavior of the specimens with an aspect ratio of 80
and a tensile strength of 1100 MPa was similar to that of specimens with an aspect ratio of 64 and a
tensile strength of 1200 MPa. At the fiber content of 0.5%, the load decreased as the CMOD increased
after initial cracking. At a fiber content of 1.0%, the load increased continuously after the initial crack
and then decreased. The specimens with aspect ratio of 80 and tensile strength of 1600 MPa showed
the best flexural behavior in this study. The specimens with 0.5% and 1.0% fiber contents maintained
over 3 mm CMOD with no decrease in flexural loading.

The maximum flexural stress of the specimens with 0.5% steel fiber and a tensile strength of
1600 MPa was 20.2%–63.1% lower than that of the other specimens with a mix ratio of 1.0 percent fiber.
However, a high level of residual bending stress remained after initial cracking. Therefore, the use of
steel fiber with a high tensile strength, and a high aspect ratio is expected to provide excellent flexural
behavior for high-strength concrete, even if the concrete has a low fiber content.

Figure 6 shows the failure surface of the CMOD specimens. Two failure modes were observed
with the pull-out and/or rupture of fibers. For the specimen 80-HTS-1.0, when increasing the fiber
content and tensile strength of the fiber, the majority of the fiber was pulled out from the matrix.

64-NTS-0.5 64-NTS-1.0 64-HTS-0.5 64-HTS-1.0 

80-NTS-0.5 80-NTS-1.0 80-HTS-0.5 80-HTS-1.0 

Figure 6. Failure modes of steel fibers in the specimens.
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3.2. Evaluation of Residual Flexural Strength of SFRC

The flexural performance of the SFRC specimens was evaluated in accordance with EN-14561 in
the International Federation for Structural Concrete (fib) model code 2010 (fib MC 2010) [13] for this
study. The steel fiber can be substituted for tensile reinforcement for all and/or partial reinforcement
when Equations (3) and (4) are satisfied:

fR1

fLOP
≥ 0.4 (3)

fR3

fR1
≥ 0.5 (4)

where fR1 is the residual flexural tensile strength in the serviceability limit state that corresponds to the
CMOD at 0.5 mm (N/mm2), and fR3 is the ultimate residual flexural tensile strength that corresponds
to the CMOD at 2.5 mm.

The 80-NTS-1.0 specimen has the highest fR1 value with 14.36 MPa, and the 80-HTS-1.0 specimen
has the highest fR3 value with 16.55 MPa. The fiber aspect ratio affects the residual flexural tensile
stress up to the service load stage, and then the tensile strength of the steel fiber becomes the dominant
parameter to determine the residual flexural tensile stress at the ultimate loading stage.

Even if the number of crosslinking fibers is increased as the crack propagates, the fibers are pulled
out or broken when the fiber tensile strength is low. However, the crack will continue to develop
without failure when high tensile strength fiber is used.

Figure 7 shows the effects of fiber content on the residual flexural performance of the SFRC
specimens for the evaluation that includes the experimental results obtained from this study compared
to those found in the literature. Concrete with strength values higher than 60 MPa was considered a
high-strength concrete. For the conventional normal-strength concrete, some specimens with low fiber
content (0.25 percent) did not satisfy Equation (3), and for the high-strength concrete, some specimens
with 1.0% fiber did not satisfy Equation (4). The fiber tensile strength is lower than the adhesion force
between the materials, even if the fiber content is high, so the flexural performance is limited due to
the rupture of the fibers.

 
Figure 7. Effects of steel fiber content on the residual flexural performance of SFRC specimens.

Figure 8 shows the effects of the fiber aspect ratio on the flexural performance of the SFRC
specimens. In the literature, the fiber aspect ratios range from 50 to 95. The specimens having fiber
with an aspect ratio of 50 did not satisfy the criteria according to Equation (3), and the specimens with
fiber aspect ratios of 60 to 80 did not satisfy Equation (4).
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Figure 8. Effects of steel fiber aspect ratio on the residual flexural performance of SFRC specimens.

Figure 9 presents the effects of the tensile strength of the steel fiber on the residual flexural
performance of the SFRC specimens. In the literature, tensile strength values of steel fiber range from
1000 MPa to 1200 MPa, and only a limited number of studies have used high-strength steel fiber with
over 1600 MPa. In this study, when the tensile strength of the steel fiber was below 1200 MPa, many
specimens were disqualified based on Equations (3) and (4). However, all the specimens that contained
high tensile strength steel fiber satisfied both Equations (3) and (4). For the specimens with steel fiber
tensile strength values below 1200 MPa, the ratio fR3/fR1 tended to decrease compared to fR1/fLOP.

Figure 9. Effects of steel fiber tensile strength on the flexural performance of high-strength
SFRC specimens.

Figure 10 presents the flexural performance of the SFRC specimens according to the concrete’s
compressive strength and fiber content. In the case of the compressive strength of concrete at 40 MPa,
most of the specimens are shown to satisfy Equation (3), except for the specimens containing 0.25%
steel fiber. The fR1/fLOP of the SFRC in Figure 10a tends to increase with an increase in compressive
strength. However, as the compressive strength increases, Equation (4) cannot be satisfied by some of
the specimens, and the fR3/fR1 value of the SFRC in Figure 10b tends to decrease.
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(a) (b) 

Figure 10. Effects of compressive strength on flexural performance of SFRC specimens, (a): Performance
index of fR1/fLOP versus compressive strength of concrete (b): Performance index of fR3/fR1 versus
compressive strength of concrete.

The experimental results indicate that all the test specimens satisfy the fR1/fLOP value regardless of
the tensile strength of the steel fiber. However, the fR3/fR1 values range from 0.34 to 1.56, which do not
satisfy the criteria, except for the specimens with a fiber tensile strength of 1600 MPa. Therefore, the
results indicate that steel fiber with a tensile strength of 1600 MPa can be used as a feasible substitute
for tensile reinforcement in high-strength concrete.

In the literature, a reinforcing index (RI) has been used to quantify the flexural performance of
SFRC. The RI is computed by multiplying the fiber content (Vf) and aspect ratio (l/d). In this study,
the tensile strength of steel fiber also was determined to be an important parameter for the flexural
performance of SFRC. Therefore, a modified RI that includes the tensile strength of steel fiber is
proposed in this study. The modified RI value is determined by multiplying Vf·(l/d)·fft/100.

Figure 11 shows the relationship between the flexural performance of the SFRC specimens and
modified RI values. The SFRC performance index fR1/fLOP in Figure 11a tends to increase with the
newly proposed RI value, but the increment in the computed value (fR3/fR1) in Figure 11b is reduced
and tends to be irregular.

 
(a) (b) 

Figure 11. Reinforcing index versus flexural performance values. (a): Performance index of fR1/fLOP

versus modified RI. (b): Performance index of fR3/f R1 versus modified RI.
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3.3. Determination of Fracture Energy of SFRC

The fracture energy of high-strength concrete can be computed using Equations (5) and (6), as
proposed by the Japan Concrete Institute (JCI-S-001-2003) [14]:

G( f ) =
0.75 W0 + W1

Alig
(5)

W1 = 0.75
(S

L
m1

)
g·CMODc (6)

where G(f) is the fracture energy (kN/m), W1 is the work done by the applied load and self-weight of
the specimen (kN·m), W0 is the energy represented by the area of the load-CMOD curves (kN·m), S is
the span length (mm), L is the overall length of the specimen (mm), m1 is the mass of the specimen
(kg), g is the acceleration due to gravity (m/s2), CMODc is the CMOD value at failure (mm), and Alig is
the cross-sectional area of the specimen (mm2).

Fracture energy refers to the energy at which the material causes a fracture. Köksall et al. (2012)
evaluated the fracture energy of high-strength concrete according to steel fiber content and tensile
strength. Figure 12 shows the relationship between the fracture energy of the SFRC specimens used
in this study and the modified RI in terms of steel fiber characteristics and fiber content. The results
indicate that the fracture energy increases with an increase in fiber content and tensile strength.

Figure 12. Relationship between fracture energy and the modified reinforcing index.

As shown, the fracture energy increased by 32.5%~138.5%, with an increase in fiber content. As
the fiber tensile strength and aspect ratio increased, the fracture energy increased by 194.0%~443.5%
and 45.2%~140.0%, respectively. The fracture energy was influenced predominantly by the fiber’s
tensile strength. In short, as described for the residual bending stress and flexural behavior evaluations,
when the tensile strength of the steel fiber is sufficient, the steel fiber does not break, even if cracking
occurs. The steel fiber provides high fracture energy until failure due to its continuous bridging effect.

4. Conclusions

This study evaluated the effects of the aspect ratio and mechanical properties of steel fiber on
the flexural performance of high-strength concrete in accordance with the EN-14651 standard and JCI
code. The conclusions are based on limited experimental results and are summarized as follows.

The flexural behavior in LOP was found to be influenced by the fiber content and aspect ratio.
The maximum value was 8.81 MPa for the 80-NTS-1.0 specimen.

In this study, the maximum flexural stress of the SFRC specimens was found to be affected by the
fiber properties in the order of fiber content, tensile strength, and aspect ratio. The maximum flexural

38



Materials 2019, 12, 2105

stress was the highest at 16.86 MPa in specimens with an aspect ratio of 80 and a tensile strength of
1600 MPa with 1.0% steel fiber.

The tensile strength of steel fiber is a dominant parameter that can be used to determine the
flexural performance of SFRC. The proposed modified RI indicates that high tensile strength steel fiber
can be used in concrete with high compressive strength.
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Abstract: The feasibility of the crack closure of cementitious composites reinforced with shape
memory alloy (SMA) fibers was investigated by performing single-fiber pullout tests. To demonstrate
the fast crack closing ability, in this study, a heat treatment (300 ◦C) was applied for a short time
(10 min). A short heat treatment was applied for 10 min, after the slip reached 0.5 mm, to activate the
shape memory effects of cold-drawn SMA fibers. Two types of alloys were investigated, NiTi and
NiTiNb, with two geometries, either smooth or dog-bone-shaped. During the heat treatment, the
pullout stress of the SMA fibers initially decreased due to thermal extension, and then increased after
heating for 1–3 min, resulting from the shape memory effects. However, their pullout stress recovery
during and after the heat treatment was different for the different alloys and fiber geometries. The
NiTi fibers generally produced a higher and faster recovery in terms of their pullout stress than the
NiTiNb fibers, while the dog-bone-shaped fibers showed a faster pullout stress recovery than the
smooth fibers.

Keywords: fibers; smart materials; fiber/matrix bond; physical properties; heat treatment

1. Introduction

Considerable research has been performed on extending the service life of civil infrastructures
through the prevention of early concrete deterioration. As an early deterioration countermeasure,
various high-performance construction materials, such as ultra-high-performance concretes (UHPCs),
high-performance fiber-reinforced cementitious composites (HPFRCCs), and self-healing concretes
(SHCs), have been developed by numerous researchers [1–6]. However, even the high-performance
construction materials are unable to close existing concrete cracks in a short time for a quick (or
instantaneous) repair of concrete infrastructure. Although both the UHPCs and HPFRCCs have been
shown to produce a significantly high tensile strength and cracking control capacity by generating
multiple microcracks during tensile strain hardening [1,7], as well as a larger redistribution capacity of
stresses [8], they remain unable to close existing cracks. Although the SHCs can heal (or fill) cracks
by precipitating crystalline calcium carbonates within the cracks, they require a water supply and
a minimum of a few days to heal the cracks [5,9]. Therefore, the aforementioned high-performance
construction materials cannot be applied for urgent repairs, even though they have shown a superior
prevention of early concrete deterioration.

Due to the issues noted above, the authors of this study propose the development of short
shape memory alloy (SMA) fiber-reinforced cement composites with a fast crack closing capacity.
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Kim et al. [10,11] have already demonstrated that an 8 h long-term heat treatment of cold-drawn
SMA fibers significantly enhanced the pullout resistance of fibers embedded in a mortar matrix due
to the diameter recovery in the cold-drawn SMA fibers. However, it is quite difficult to maintain a
heat treatment for a long time on site. Kim et al. [12] demonstrated the pre-stressing effect of shape
memory alloy fiber-reinforced cementitious composites (SMA-FRCCs) under direct tension after a short
(10 min) heat treatment. They reported that the shape memory effect can be activated by short-term
heat treatment for 10 min. Consequently, in this study, we investigated whether a short (10 min) heat
treatment period could activate the shape memory effect and eventually close existing cracks.

This research is aimed at developing SMA-FRCCs with a crack closing capacity, as well as
pre-stressing effects by utilizing the shape memory effect. The detailed objectives are (1) to investigate
the geometry change in the SMA fibers during short heating periods, (2) to investigate the heat
treatment effects on the pullout resistance of the SMA fibers, and (3) to discover the influence of
different SMA fiber geometries and compositions on the pullout resistance recovery during and after
the short heat treatment period.

Shape Memory Alloy Fiber-Reinforced Cementitious Composites (SMA-FRCCs)

Considerable research has been performed on the application of SMA wires or bars to civil
infrastructures and buildings by activating their shape memory effects and utilizing their super-elastic
characteristics. Researchers have reported on the effectiveness of wrapping SMA wires around concrete
cylinders or columns to enhance ductility and strength by utilizing the confinement effects induced
from shape memory effects. Choi et al. [13] proposed a new jacketing method to confine concrete
cylinders and/or reinforced concrete columns using SMA wires, demonstrating that the shape memory
effect of SMA wires was considerably more effective than the steel jacketing method for generating
confinement effects [14,15]. Tran et al. [16] also reported that the shape memory-induced confinement
effect of SMA wires significantly increased the strength and ductility of concrete cylinder samples.
Furthermore, SMA wires have also been used to reinforce cement-based matrices in order to generate
pre-stressing effects in the cement composites; Sawaguchi et al. [17] applied Fe-Mn-Si-based shape
memory alloys containing NbC to generate pre-stressing effects.

In addition to the confinement and pre-stressing effects obtained through SMA wire application,
the self-crack closing behavior of composites reinforced with SMA wire has also been investigated.
SMA wires added to epoxy or cement mortar were applied to generate a crack closing capability in a
beam [18–20]. In order to create the crack closing ability, it is important to have a strong interfacial
bond strength between the fiber or wire and the surrounding matrix. Accordingly, Umezaki [18]
investigated the pullout resistance of SMA wires, reporting that spiral SMA wires produced a higher
pullout resistance than smooth SMA wires. Wang et al. [21] investigated the internal stress distribution
to prevent debonding at the SMA fiber and epoxy matrix interface, in order to eventually utilize the
shape memory effect more efficiently. Watanabe et al. [22] also reported that the interfacial bond
strength of Fe-based SMA wire was notably enhanced as the amount of pre-strain in the SMA wires
increased. Kuang and Ou [23] developed a self-healing concrete beam by utilizing the super-elastic
behavior of SMAs and the cohering characteristic of the repairing adhesive.

Although several researchers have studied the behavior of SMA wire-reinforced composites in an
attempt to utilize their shape memory effect, the majority of their SMA applications have been limited
to continuous SMA wires rather than short SMA fibers. The implementation of short SMA fibers has
rarely been attempted, and the behavior of short SMA fiber-reinforced cementitious composites is yet
to be discovered. In this study, to develop short SMA fiber-reinforced cementitious composites with
a self-crack closing ability, the pullout resistance of these fibers embedded in a mortar matrix was
systematically investigated by applying a short heat treatment period.
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2. Experiments

An experimental program was designed to investigate the feasibility of crack closure of
SMA-FRCCs by applying a short heat treatment period (10 min). The pullout stress recovery of
SMA fibers embedded in a mortar matrix was investigated during this heat treatment with single-fiber
pullout tests. Two types of SMAs (NiTi and NiTiNb) were used, while two types of fiber geometries
(smooth and dog-bone-shaped) were investigated experimentally. First, the geometric changes in the
diameter and length of cold-drawn SMA fibers during the short heat treatment time were investigated
by analyzing stereoscopic microscope images taken every minute of the heat treatment. Second, the
pullout stress versus slip (and time) responses of the SMA fibers in a mortar matrix were investigated
by performing single-fiber pullout tests. The conditions of the single-fiber pullout tests are provided
in Table 1. During the pullout tests, a short heat treatment period was applied while maintaining a
constant slip (0.5 mm) for 10 min once the fiber slip reached 0.5 mm. Then, the fiber was pulled further
until complete fiber pullout was achieved.

Table 1. Conditions of the single-fiber pullout tests.

Alloy Fiber Diameter (mm) a Shape Heat Treatment Notation

NiTi 1.0→ 0.96
Smooth

No NT_S_N
Yes NT_S_H

Dog-bone shaped No NT_D_N
Yes NT_D_H

NiTiNb 1.12→ 1.08
Smooth

No NTN_S_N
Yes NTN_S_H

Dog-bone shaped No NTN_D_N
Yes NTN_D_H

a → refers to the diameter change after the cold-drawing process.

2.1. Materials and Sample Preparation

The composition and strength of the mortar matrix are provided in Table 2; the compressive
strength of the mortar was 55 MPa. The properties of the SMA fibers investigated in this study are
summarized in Table 3. Four types of SMA fibers (NT_S, NT_D, NTN_S, and NTN_D, described in
Table 1) were used and are shown in Figure 1. The NiTi (NT) alloy contained 50% nickel by atomic
composition, whereas the NiTiNb (NTN) alloy contained 41% nickel, 50% titanium, and 9% niobium.
The initial 1.0 mm diameter of the NT wires was reduced to 0.96 mm after the cold drawing process.

Table 2. Matrix mixture composition by weight ratio and compressive strength.

Cement (Type 3) Fly Ash Silica Sand
High-Range Water-Reducing

Admixture
Water f′ck (MPa)

1.00 0.15 1.00 0.009 0.35 55

Table 3. Properties of the shape memory alloy (SMA) fibers.

Notation
Length
(mm)

Diameter
(mm)

Young’s
Modulus (GPa)

Tensile
Strength (MPa)

Transformation Temperature (◦C) a

Mf Ms As Af

NT_S
30 0.96 41 973 0.7 36.7 43.2 62.8

NT_D

NTN_S
30 1.08 21 1270 − −100≥ −100≤ −NTN_D

a Mf is the temperature at the end of martensitic transformation, Ms is the temperature at the start of martensitic
transformation, As is the temperature at the start of austenitic transformation, and Af is the temperature at the end
of austenitic transformation.
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(c) 

 
(d) 

Figure 1. Shape memory alloy (SMA) fiber geometries, for (a) NiTi smooth (NT_S), (b) NiTi
dog-bone-shaped (NT_D), (c) NiTiNb smooth (NTN_S), and (d) NiTiNb dog-bone-shaped (NTN_D).

In comparison, the NTN wires with a 1.12 mm initial diameter were also cold-drawn to a 1.08 mm
reduced diameter. The transformation temperatures of both cold-drawn NT and NTN fibers are
summarized in Table 3.

Six samples of each type of SMA fiber were prepared, with three samples pulled out with the heat
treatment, whereas the others were tested with no heat treatment. The notation NT_S_N in Table 1
represents the pullout samples of the NT smooth (S) fiber with no (N) heat treatment, while samples
of the NTN dog-bone-shaped (D) fiber with the short heat (H) treatment periods were designated as
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NTN_D_H. The fibers were first installed in fiber holding devices to maintain the embedment length
(15 mm) and inclination angle (90◦) of the fiber within a mortar matrix. The devices holding the SMA
fibers were then placed in molds to produce bell-shaped pullout samples. The mortar matrix was
prepared using a Hobart-type laboratory mixer with a 20 L capacity. A detailed procedure on mixing
and curing this type of sample can be found in Kim et al. [10,11]. The pullout samples, after curing in
water for 14 days, were dried and tested after 16 days at room temperature in the laboratory.

2.2. Test Setup and Procedure

The length and diameter of the SMA fibers could be measured by analyzing images taken by
a stereoscopic microscope with a Huvitz Lusis HC-30MU camera (Huvitz, Gyeonggi-do Province,
Korea). A short period of heat treatment was applied using a heat gun (DeWalt D26411) (DeWalt,
Towson, MD, USA). The operation temperature of the heat gun was set at 300 ◦C and the airflow speed
was 250 L/min. The heating gun was installed at a 35 mm distance from the SMA fibers during the
heat treatment. The heat treatment in the experiment was performed using a commercial heating gun
for the practical application, even in structural members. The temperature applied by using a heat
gun was about 300 ◦C, so that it would not generate any significant damage on the cement-based
matrix [24]. Therefore, it was applied to raise the temperature of SMA fibers (over Af) embedded
within the mortar matrix. Moreover, heat treatment at 300 ◦C for 10 min does not significantly affect
the tensile strength of SMA-FRCCs (reduced about 10%) [12], unlike SFRCs, which exhibit about a
40% reduction in tensile strength by heating at 300 ◦C for 2 h prior to testing [25]. During the pullout
resistance investigation of the SMA fibers, a universal test machine with a 500 kgf capacity was used
and the displacement speed was maintained at 1 mm/min during the fiber pullout. To avoid any slip
of fiber in the grip system, the other part of embedded fiber was fully held with a sufficient pressure
in the grip, as can be seen in Figure 2. The test procedure is as follows: the fiber was initially pulled
out to a 0.5 mm slip with a velocity of 1 mm/min; then, the 0.5 mm slip was kept constant for 10 min;
and finally, the fiber was further pulled with the same 1 mm/min velocity until complete pullout was
achieved. The test set-up for the single-fiber pullout test is shown in Figure 2.

 
Figure 2. Test setup for the single-fiber pullout test.
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3. Results and Discussion

3.1. Length and Diameter of Cold-Drawn SMA Fibers during the Short Heat Treatment Period

The changes in the diameter and length of the cold-drawn SMA fibers during the short heat
treatment time are provided in Figure 3; Figure 3a–d shows the changes in the length and diameter
of the NT_S, NT_D, NTN_S, and NTN_D samples, respectively. During the 10 min heat treatment,
the lengths of the cold-drawn SMA fibers clearly decreased, whereas their diameters, which were
originally reduced by the cold-drawing process, increased due to the shape memory effect.

  
(a) (b) 

  
(c) (d) 

Figure 3. Effects of heating time on the length and diameter of the cold-drawn shape memory alloy
(SMA) fibers for (a) NT_S, (b) NT_D, (c) NTN_S, and (d) NTN_D.

Although all SMA fibers had noticeable changes in their diameter and length, the changes were
different, based on the type of alloy and geometry. During the heat treatment, the NT_S length was
shortened from 30 to 28 mm (−6.67%), while that of the NTN_S decreased from 30 to 28.8 mm (−4.0%),
as shown in Figure 3a,c, respectively. On the other hand, the NT_S diameter expanded from 960 to
1000 μm (+4.17%), while the NTN_S increased from 1080 to 1105 μm (+2.31%). In addition, the NT_D
also presented a greater length reduction (from 30 to 28.8 mm) and wider expansion of the diameter
(from 960 to 998 μm) than the NTN_D, as shown in Figure 3b,d. Therefore, the NT series generally
showed higher shape memory effects, for both the diameter expansion and length reduction, than the
NTN series. Moreover, the S geometry of the SMA fibers produced greater changes in both length and
diameter than the D-shaped geometry, as shown in Figure 3. For example, the length of the NT_D
decreased from 30 to 28.8 mm, whereas the NT_S changed from 30 to 28 mm. In addition, the length
and diameter of all SMA fibers changed significantly within 1 to 3 min of heat treatment. Based on
this observation, a short-term heat treatment of only a few minutes could successfully activate the
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shape memory effect of cold-drawn SMA fibers. Therefore, in this study, the heat treatment period was
determined to be 10 min during the pullout test.

3.2. Pullout Stress Versus Slip Response

The pullout stress versus slip curves of the NT fibers are provided in Figure 4, while those of the
NTN fibers are shown in Figure 5. The pullout responses of the SMA fibers clearly changed relative to
the different fiber alloys and geometries, and if the heat treatment was applied. The dog-bone-shaped
SMA fibers largely produced a better pullout resistance than the smooth SMA fibers because the former
utilized a mechanical interaction between the bulged end of the fiber and mortar matrix, unlike the
smooth fibers, which only used the frictional bond resistance at the interface. In addition, for the short
heat treatment samples, after the 0.5 mm initial fiber pullout, there was a noticeable increase in the
pullout stress, even though the slip was a constant 0.5 mm, as shown in Figure 4b,d and Figure 5b,d.
These figures additionally provide close-up graphs of the pullout response from the 0 to 1.0 mm
slip. During the initial pullout to the 0.5 mm slip, the pullout stress reached its first peak point at a
slip between 0.1 and 0.3 mm, and then decreased until the slip was 0.5 mm. When the slip reached
0.5 mm, it was kept constant for 10 min. For the test series with the heat treatment, the pullout stress at
0.5 mm slip immediately increased during the heat treatment above the initial peak stress. However,
for the samples without a heat treatment, there was no change in the pullout stress at the 0.5 mm
slip. Furthermore, among the dog-bone-shaped fibers, the NTN consistently showed a higher pullout
resistance than the NT fibers, regardless of heat treatment. The higher pullout resistance of the NTN_D
fibers over the NT_D fibers likely originated from the higher strength of the NTN.

  
(a) (b) 

  
(c) (d) 

Figure 4. Pullout stress versus slip response of the NiTi fibers for (a) NT_S_N, (b) NT_S_H, (c) NT_D_N,
and (d) NT_D_H. The insets in (b) and (d) are close-ups of the 0 to 1 mm slip regions for each graph.
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(a) (b) 

  
(c) (d) 

Figure 5. Pullout stress versus slip response of the NiTiNb fibers for (a) NTN_S_N, (b) NTN_S_H,
(c) NTN_D_N, and (d) NTN_D_H. The insets in (b) and (d) are close-ups of the 0 to 1 mm slip regions
for each graph.

Kim et al. [10] investigated the effects of heat treatment on the pullout resistance of SMA fibers
embedded in the mortar matrix. They applied the pre-heat treatment (at 200 ◦C for 8 h) prior to
the pullout test and then additional heat treatment (200 ◦C) was applied during the pullout test.
The heat treatment of SMA fibers considerably recovered their reduced diameter after cold-drawing
and consequently increased their pullout resistance. Moreover, Kim et al. [11] applied the pre-heat
treatment (80 ◦C for 7 h) prior to the pullout test and then additional heat treatment (100 ◦C) during the
pullout test. They reported that the heat treatment generally increased the pullout resistance regardless
of the fiber compositions. Comprehensively, the enhanced pullout resistance of SMA fibers after heat
treatment demonstrates their crack closing potentials in fiber-reinforced cementitious composites.
However, current research requires not only a long time for pre-heat treatment of at least 7 h, but also
continuous heat treatment during the pullout test. Therefore, it is necessary to reduce the time for
heat treatment. Consequently, the pullout resistance was found to be enhanced by applying the heat
treatment (300 ◦C) for only a short time (10 min) during the pullout test without pre-heat treatment.

3.3. Pullout Resistance during the Short Heat Treatment Period

The changes in the SMA fiber pullout stress during the short heat treatment period are provided
in Figures 6 and 7 for the NT and NTN fibers, respectively. For the NT fibers, as shown in Figure 6a,c,
if there was no heat treatment, the pullout stress was a constant value as the slip amount was kept
at 0.5 mm for 10 min. However, for the series with the heat treatment, the pullout stress decreased
at the beginning of the heat treatment, and then started to increase significantly, after 1–3 min, to a
value greater than the residual pullout stress (P0.5,re) after 5 min of heating. After 10 min of heating,
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the pullout stress reached the recovered pullout stress (P0.5,rc), as illustrated in Figure 8, and the P0.5,rc

of the NT fibers was higher than the P0.5,re, regardless of the fiber geometry. When the fiber pullout
was restarted after the 10 min heat treatment, the pullout stress of the fiber instantly increased to the
re-pullout stress (P0.5,rp), as shown in Figure 6b,d and Figure 8. The P0.5,rp was significantly higher
than the P0.5,rc. The pullout resistance of the NT fibers initially decreased at the beginning of the
heat treatment, owing to the thermal extension (or elongation) of the fibers. Then, the NT fibers
began recovering the pullout resistance after 1–3 min, by activating their shape memory effects, i.e.,
shortening the length and expanding the diameter of the fibers; these eventually produced a higher
P0.5,rc than the P0.5,re. In Figure 8, the NTN fibers showed a similar response to the heat treatment as
the NT fibers, with both maintaining a constant value for 10 min after the 0.5 mm initial slip when
there was no heat treatment, whereas their values varied noticeably during the short heat treatment
period. However, the P0.5,rc of the NTN fibers was lower than their P0.5,re, unlike the NT fibers.

  
(a) (b) 

  
(c) (d) 

Figure 6. History of the pullout stress versus time for the NiTi fibers of (a) NT_S_N, (b) NT_S_H,
(c) NT_D_N, and (d) NT_D_H.
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(a) (b) 

  
(c) (d) 

Figure 7. History of the pullout stress versus time for the NiTiNb fibers of (a) NTN_S_N, (b) NTN_S_H,
(c) NTN_D_N, and (d) NTN_D_H.

  
(a) (b) 

Figure 8. Cont.
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(c) (d) 

Figure 8. Typical pullout stress versus time curves of the shape memory alloy (SMA) fibers, showing
the pullout parameters and pullout stress recovery for (a) NT_S, (b) NT_D, (c) NTN_S, and (d) NTN_D
for samples with heating (solid lines) or without heating (dashed lines).

To quantitatively compare the pullout resistances of all test series, several parameters describing
the SMA fiber pullout behavior are summarized in Table 4, including the P0.5,re, P0.5,rc, P0.5,rp, maximum
pullout stress (P0.5,max), and pullout energy after the 0.5 mm slip to complete pullout (PE). After the
short heat treatment time, the PE values were noticeably enhanced, as presented in Table 4, although
the degree of enhancement varied according to the geometry and alloy of the fibers. The PE values of
the dog-bone-shaped SMA fibers were clearly higher than those of the smooth SMA fibers: the value
of NT_D_H was 1063.2 MPa-m, whereas that of NT_S_H was 525.5 MPa-m.

Table 4. Pullout test results.

Notation Sample P0.5,re (MPa) P0.5,rc (MPa) P0.5,rp (MPa) Pmax (MPa) PE (MPa-mm)

NT_S_N

SP1 41.5 39.5 43.6 43.6 272.2
SP2 46.2 44.2 48.8 48.8 335.2
SP3 43.2 42.1 46.1 46.1 317.1

Aver. a 43.7 41.9 45.7 45.7 308.2

STD b 1.9 1.9 2.1 2.1 26.5

NT_S_H

SP1 56.6 112.5 181.9 181.9 471.3
SP2 44.5 171.2 214.5 214.5 382.9
SP3 49.9 136.1 254.9 254.9 658.0

Aver. 50.3 139.9 190.6 190.6 525.5
STD 4.9 24.1 29.9 29.9 114.7

NT_D_N

SP1 58.7 56.0 58.1 94.4 578.7
SP2 73.5 69.1 47.9 152.3 1137.0
SP3 64.2 64.2 65.8 121.2 959.1

Aver. 65.6 63.1 65.7 116.4 904.0
STD 6.4 5.4 7.3 23.7 232.9

NT_D_H

SP1 51.2 95.0 251.0 251.0 1123.9
SP2 53.2 87.6 232.3 232.3 959.7
SP3 26.3 115.2 193.7 193.7 1106.7

Aver. 43.6 99.3 208.8 208.8 1063.2
STD 12.2 11.7 23.9 23.9 73.7
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Table 4. Cont.

Notation Sample P0.5,re (MPa) P0.5,rc (MPa) P0.5,rp (MPa) Pmax (MPa) PE (MPa-mm)

NTN_S_N

SP1 23.9 23.9 26.3 26.3 181.5
SP2 85.9 81.0 85.5 85.5 641.8
SP3 81.6 78.3 99.8 99.8 652.3

Aver. 63.8 61.1 69.3 69.3 494.3
STD 28.3 26.3 31.8 31.8 219.5

NTN_S_H

SP1 73.1 33.7 239.4 239.4 1472.1
SP2 95.9 66.4 276.6 276.6 1780.3

Aver. 84.5 50.0 257.5 257.5 1625.9
STD 11.4 16.4 18.6 18.6 154.1

NTN_D_N

SP1 57.2 57.1 57.4 273.8 2073.3
SP2 115.8 115.8 116.3 282.2 2358.4

Aver. 84.8 84.5 86.7 271.8 2375.9
STD 29.3 29.4 29.5 4.2 142.6

NTN_D_H

SP1 148.0 63.8 247.0 296.1 2600.0
SP2 92.8 109.9 154.7 330.4 2865.0
SP3 120.9 115.1 236.2 269.0 2031.1

Aver. 120.3 96.6 198.3 280.1 2850.8
STD 22.5 23.1 41.2 25.1 347.9

a Aver.: average values; b STD: standard deviation.

3.4. Pullout Stress Recovery Starting Time (Tr) during the Heat Treatment

As observed in the pullout stress versus time curves of the SMA fibers during the short-term
heat treatment in both Figures 6 and 7, their pullout stress first decreased at the beginning of the heat
treatment and then began increasing to the end of the heat treatment. The pullout stress recovery
starting time was quite different based on the type of SMA fiber geometry and alloy. Table 5 provides the
recovery starting times (Tr) of the pullout stress relative to the test series during the short heat treatment
period. The average Tr values of the test series (NT_S_H, NT_D_H, NTN_S_H, and NTN_D_H) were
2.20, 1.42, 2.94, and 1.95 min, respectively. The NT fibers usually produced faster Tr than the NTN
fibers, while the D-shaped fibers produced faster Tr than the S fibers. The earlier pullout stress recovery
of the dog-bone-shaped SMA fibers is thought to originate from their higher PE values, indicating a
superior pullout resistance. Accordingly, the SMA fibers with a deformed geometry generating a larger
PE are favorable for generating a faster crack closing ability. However, the parameters influencing the
recovery start time (Tr) require further investigation.

Table 5. Pullout stress recovery starting time during heating (Tr).

Notation Sample Tr (min.)

NT_S_H

SP1 3.35
SP2 1.93
SP3 3.17

Average 2.20

NT_D_H

SP1 1.47
SP2 1.51
SP3 1.42

Average 1.42

NTN_S_H
SP1 4.20
SP2 2.77

Average 2.94

NTN_D_H

SP1 3.14
SP2 1.93
SP3 1.95

Average 1.95
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3.5. Pullout Stress Recovery Ratios

The ratios R1 and R2, between the pullout stresses, P0.5,re, P0.5,rc, and P0.5,rp, were calculated to
quantify the crack closing ability of the SMA fibers during and after the short-term heat treatment. The
ratio between the P0.5,rc and P0.5,re is denoted as R1, which represents the potential crack closing ability.
The ratio between the P0.5,rp and P0.5,re was additionally analyzed and denoted as R2, which is thought
to correlate with the ability to prevent crack reopening. Both R1 and R2 ratios are provided in Figure 9b.
The NT fibers generally produce higher recovery ratios than the NTN fibers, as shown in Figure 9b;
the values of R1 were 2.78, 2.28, 0.59, and 0.80 for NT_S_H, NT_D_H, NTN_S_H, and NTN_D_H,
respectively, while those of R2 were 3.79, 4.79, 3.05, and 1.65 for NT_S_H, NT_D_H, NTN_S_H, and
NTN_D_H, respectively. The R1 ratios of the NT fibers were higher than 1.0, whereas those of the NTN
fibers were less than 1.0. Therefore, the pullout stress recovery during the short heat treatment period
is higher for the NT fibers than the NTN fibers. Additionally, R1 values below 1.0 are not sufficient for
closing cracks, whereas those higher than 1.0 are indicative of a satisfactory or strong crack closing
capacity. The R2 ratios of the NT fibers were also higher than the NTN fibers. Therefore, the NT fibers
after the heat treatment displayed a higher pullout resistance during the second pullout process.

(a) (b) 

Figure 9. (a) Pullout stress and (b) pullout stress ratios owing to the heat treatment, for the
different samples.

3.6. Pullout Energy Ratios

The short heat treatment period also noticeably increased the amount of pullout energy after the
0.5 mm initial slip to complete fiber pullout, as provided in Table 4 and Figure 10a.

The enhanced SMA fiber pullout energy after the heat treatment originated from the lateral
recovery of the fiber diameter due to shape memory effects. To quantitatively compare the heat
treatment effect on the PE, the pullout energy ratios between samples with and without heat treatment
were estimated and are shown in Figure 10. The pullout energy ratios of the NT_S, NT_D, NTN_S,
and NTN_D were 1.71, 1.18, 3.29, and 1.20, respectively. The higher pullout energy ratio is thought
to be favorable for resisting crack reopening. The NTN_S fiber produced the highest pullout energy
ratio, while the NTN_D fiber produced the highest pullout energy. In addition, it was also evident that
the smooth fibers generated higher pullout energy ratios than the dog-bone-shaped fibers because
the pullout energy of the D fiber was much higher than that of the S fiber for the series without heat
treatment. The PE value of NTN_S_N was 494.3 MPa-mm, while that of NTN_D_N was 2375 MPa-mm.
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(a) (b) 

Figure 10. (a) Pullout energy (for samples with heating (grey) or without heating (white)), and (b)
pullout energy ratio owing to the heating treatment.

4. Conclusions

This study investigated the effects of applying a short heat treatment period (10 min) to shape
memory alloy (SMA) fibers on their geometry and pullout resistance. The short heat treatment time
clearly activated the shape memory effects, eventually generating the pullout stress recovery of SMA
fibers in mortar. The conclusions below can be drawn from this experimental study:

• During the short heat treatment period, the length of the cold-drawn SMA fibers clearly decreased,
whereas their diameter expanded due to the shape memory effect. The NiTi fibers generally
showed greater shape memory effects in both diameter and length than the NiTiNb fibers, while
the smooth geometry SMA fibers had greater shape memory effects than the dog-bone-shaped
geometry fibers;

• SMA fibers with a dog-bone-shaped geometry generally showed higher pullout resistances than
those with a smooth geometry;

• The short heat treatment period noticeably increased the pullout stress, although the degree of
enhancement varied, relative to the SMA fiber alloy and geometry: (1) the NiTi fibers generally
produced a faster pullout stress recovery than the NiTiNb fibers, while the SMA fibers with
dog-bone-shaped geometries showed a faster recovery than those with a smooth geometry; (2) the
NiTi fibers revealed higher pullout stress ratios during and after the heat treatment than the
NiTiNb fibers; and (3) the SMA fibers with dog-bone-shaped geometries generated a larger amount
of pullout energy (PE), which is favorable for faster crack closing.

Self-healing concrete can close (heal or fill) cracks; however it requires a few days minimum to
heal the cracks. Consequently, in this study, we found that the SMA-FRCCs have a fast crack closing
capacity (just only 10 min). The crack-closing behavior of SMA-FRCCs under a load is now under
investigation and the parameters influencing the recovery start time require further investigation.
Moreover, it is also necessary to investigate the residual stress of SMA-FRCCs [26].
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Abstract: In this study, a calcium sulfoaluminate-based expansive additive (0%, 2.5%, 5.0%, and
7.5% by the mass of the binder) was added to compensate for the shrinkage of alkali-activated
material (AAM) mortar. Modulus of elasticity curves based on the ACI 209 model were derived for
the AAM mortar mixed with the additive by measuring the compressive strength and modulus of
elasticity. Moreover, autogenous shrinkage and total shrinkage were measured for 150 days, and
drying shrinkage was calculated by excluding autogenous shrinkage from total shrinkage. For the
autogenous and drying shrinkage of AAM mortar, shrinkage curves by age were obtained by deriving
material constants using the exponential function model. Finally, shrinkage stress was calculated
using the modulus of elasticity of the AAM mortar and the curves obtained using the shrinkage
model. The results showed that the calcium sulfoaluminate-based expansive additive had an excellent
compensation effect on the drying shrinkage of AAM mortar, but the effect was observed only at
early ages when the modulus of elasticity was low. From a long-term perspective, the shrinkage
compensation effect was low when the modulus of elasticity was high, and thus, shrinkage stress
could not be reduced.

Keywords: alkali-activated material; calcium sulfoaluminate-based expansive additive; concrete
shrinkage; modulus of elasticity; shrinkage stress

1. Introduction

Cement is an excellent and economical construction material, and to date, no construction material
that can perfectly replace cement exists. As environmental problems emerge worldwide, however,
efforts are being made to identify a suitable substitute for cement because it emits CO2 gas in large
quantities [1,2]. It is difficult to completely replace cement in the construction industry because of its
widespread usage, but some proportion may be replaceable provided binders suitable for different
structural purposes are developed. Various materials that may serve as substitutes for cement have
been investigated by many researchers [3–8]. Among them, ground granulated blast furnace slag
(GGBFS) and fly ash (FA), which have been used to partially replace cement, can exhibit performances
equal to those of ordinary Portland cement (OPC) if alkali-activated materials (AAMs) are used.
AAMs are eco-friendly materials that can improve the performance of concrete because they have
high initial strength and excellent durability. Thus, many researchers have studied the performance
of AAM concrete in this regard [9]. Most studies on AAMs, however, have focused on the reactivity
and physical performances of binders; the shrinkage characteristics of AAMs have hardly been
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investigated. Cartwright et al. [10], however, reported that AAMs exhibited 3–6 times more shrinkage
than OPC. Various previous studies have also reported that AAMs can cause serious problems
when used in structures because their shrinkage is significantly higher than that of OPC [11,12].
However, the mechanisms and inferences relating to the high shrinkage of AAMs have not been
comprehensibly summarized.

AAMs cause microcracks because they cause much shrinkage [13–16], as such microcracks may
degrade the strength and durability of concrete [17–21], various methods have been proposed to reduce
the shrinkage of AAMs. According to Chatterji [22], the use of the expansive additives containing alkali
metal components can compensate for shrinkage because they generate many expansive hydrates, such
as ettringite (3CaO·3Al2O3·CaSO4·32H2O) and calcium hydroxide (Ca(OH)2), and this expansion effect
is affected by the mixing and curing conditions of concrete [23,24]. Palacios and Puertas [15] conducted
research with various shrinkage-reducing agents to reduce the shrinkage of AAMs. In addition to these
methods, which are materials-specific, other techniques for reducing shrinkage have been studied.
Thomas et al. [25] proposed a curing method to reduce drying shrinkage, and Sakulich and Bentz [26]
reported that use of lightweight aggregates subjected to pre-wetting can reduce autogenous shrinkage
due to the internal curing effect. Summarizing the results of these previous studies reveals that
the shrinkage caused by AAMs is determined by specific parameters, including the types and mix
proportions of AAMs as well as the curing conditions [27–29].

With regard to the shrinkage of AAM mortar, structural problems can be caused simply by the
generated shrinkage, but most issues are caused by shrinkage cracking, which occurs when the stress
caused by shrinkage is higher than the mortar strength. The shrinkage stress acting on a structure
increases with the amount of shrinkage and the modulus of elasticity. In general, the shrinkage of
concrete is high at early ages and decreases over time, but the modulus of elasticity increases over time.
Thus, in the long term, the shrinkage is low, but the shrinkage stress acting on the structure can be
evaluated differently. In particular, AAM mortars show higher initial shrinkage than OPC and are also
subject to continuous shrinkage over the long term. Therefore, it is necessary to accurately predict
the shrinkage stress generated in AAM mortars by measuring the modulus of elasticity by age and to
thereafter apply appropriate shrinkage-reducing technologies accordingly.

In this study, a calcium sulfoaluminate-based (CSA) expansive additive was used to compensate
for the shrinkage of AAM mortar. The shrinkage characteristics of the AAM mortar were analyzed
by age by measuring its autogenous and total shrinkage for 150 days according to the content of the
CSA expansive additive, and a shrinkage model was proposed based on the results. In addition,
the shrinkage stress of the AAM mortar was calculated by measuring its modulus of elasticity, and
the shrinkage stress compensation effect of the mortar mixed with the CSA expansive additive
was analyzed.

2. Materials and Method

2.1. Materials and Mixture Proportions of AAM Mortar

The AAM mortar used in this study contained a two-component binder, wherein GGBFS and FA
were mixed in the ratio 7:3. Table 1 shows the analysis results of the major chemical components of
the GGBFS and FA. The GGBFS was procured from Sampyo Cement Corp. (Dangjin, Korea). It had a
density of 2.91 g/cm3 and a fineness of 4683 cm2/g. The GGBFS was composed of 41.9% CaO, 33.4%
SiO2, 13.8% Al2O3, and 4.9% MgO, and thus, its basicity coefficient (Kb = (CaO +MgO)/(SiO2 +Al2O3))
was 1.00, which is similar to the neutral value of 1.0 for ideal alkali activation [30]. The hydration
modulus of GGBFS according to a formula proposed in Ref. [31] (HM = (CaO +MgO + Al2O3)/SiO2)
was 1.82. This value was higher than the required value of 1.4, which indicates good hydration
properties of the GGBFS [31].
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The FA was type 2 fly ash (KS L 5405) procured from Sampyo Cement Corp. (Boryeong, Korea) [30].
It had a density of 2.20 g/cm3 and a fineness of 3216 cm2/g. The FA was composed of 60.3% SiO2, 24.2%
Al2O3, and 7.3% Fe2O3. Moreover, SiO2, Al2O3, and Fe2O3 accounted for 91.8% of the total, whereas
M2O (K2O + Na2O) accounted for 1.9%. The alkali-activator was used to accelerate the reaction of the
binder. The alkali-activator was in the form of white powder with a specific density of 1.026 g/cm3

and a molar ratio of 0.95. In addition, alkali-activators are manufactured separately by adjusting the
chemical components. The SiO2/Na2O ratio of the alkali-activator (SiO2: 46.17%, Na2O: 50.18%) used
in this study was 0.92.

To compensate for the shrinkage of the AAM mortar, a powdered CSA expansive additive was
used. The CSA expansive additive contained lime, gypsum, and bauxite as its major components. The
specific density of the CSA expansive additive was 2.86 g/cm3, and its Blaine fineness was 3754 cm2/g.
River sand with a density of 2.53 g/cm3 and a water absorption rate of 1.08% was used as a fine
aggregate. The maximum size of the fine aggregate was 4.76 mm, and the fineness modulus was 2.77.

Table 1. Chemical composition of ground granulated blast furnace slag (GGBFS), fly ash (FA), and
calcium sulfoaluminate-based (CSA) expansion agent.

Type CaO SiO2 Al2O3 Fe2O3 SO3 MgO K2O Na2O

GGBFS 41.9 33.4 13.8 0.6 4.8 4.9 0.5 0.2
FA 3.7 60.3 24.2 7.3 0.5 1.9 1.2 0.8

CSA 36.4 30.2 24.2 1.7 5.3 1.4 0.5 0.3

Table 2 summarizes the mix proportions of the AAM mortar. The water-to-binder (W/B) ratio was
45.1% and the sand-to-binder (S/B) ratio was 1.2. The activator-to-water ratio was 24.0%. Then, 0.0%,
2.5%, 5.0%, and 7.5% of CSA expansive additive based on the amount of the binder (GGBFS:FA = 7:3)
was added. The AAM mortar was dry mixed for 30 s after inserting the binder as well as the powdered
AAM and CSA expansive additive. Water was then added, and the mortar was mixed at a low speed
(15 rpm) for 10 min. After inserting the fine aggregate, the mortar was mixed for 90 s at a speed of
30 rpm.

Table 2. Mix proportions of alkali-activated material (AAM) mortar.

Type W/B S/B
Water

(g)
Binder

(g)
Activator

(g)

Sand
(Fine Aggregate)

(g)

CSA Expansive
Additive

(g)

EA-0.0 0.451 1.2 451 1000 108 1200 0
EA-2.5 0.451 1.2 451 1000 108 1200 25
EA-5.0 0.451 1.2 451 1000 108 1200 50
EA-7.5 0.451 1.2 451 1000 108 1200 75

2.2. Test Methods

Cube mortar specimens of dimensions 50 mm × 50 mm × 50 mm complying with ASTM
C109-16a [32] were prepared. AAM mortar was poured into a cubic mold, cured for 1 d, and demolded.
It was then cured in a chamber with constant temperature (20 ± 2 ◦C) and relative humidity (90 ± 2%).
The compressive strength test was conducted at 1, 7, and 28 d of age. The modulus of elasticity of
the concrete was calculated by applying loads up to 40% of the ultimate load at a rate of 0.25 MPa/s
and obtaining the deformation values for the loads using an interpolation method in accordance with
ASTM C469M-14 [33].

An embedded gauge (PMFL-50-2LT, Tokyo Sokki Kenkyujo Co., Ltd., Tokyo, Japan) was used to
measure the shrinkage of the AAM mortar. Figure 1 shows the method for measuring the length change
of the mortar due to shrinkage. An embedded gauge for the length change rate and a temperature
sensor (Thermocouple t type, Tokyo Sokki Kenkyujo Co., Ltd., Tokyo, Japan) were installed at the

59



Materials 2019, 12, 3312

center of 100 mm × 100 mm × 400 mm specimens. Before pouring the mortar, a Teflon sheet and
polystyrene board were placed on the inner surface of the mold to minimize friction with the mold and
provide restraint in the length direction. After pouring the mortar, a polyester film was installed on the
specimen surface to prevent the evaporation and absorption of moisture on the surface. The AAM
mortar specimens were cured for 1 d and demolded. The autogenous shrinkage specimen was sealed
using a polyester film to control drying shrinkage. The specimen for measuring total shrinkage,
namely the sum of drying shrinkage and autogenous shrinkage, was not sealed after demolding.
Two specimens were prepared for the length change rate test to measure total shrinkage and autogenous
shrinkage, and the measurement results were averaged. The test on the length change rate of the AAM
mortar was conducted in a chamber with constant temperature (20 ◦C) and relative humidity (60%).

 
Figure 1. Measurement of length change.

3. Results and Discussion

3.1. Compressive Strength and Modulus of Elasticity

Table 3 shows the tests results of the compressive strength and modulus of elasticity of the AAM
mortar according to the content of the expansive additive. The target strength of the AAM mortar was
40 MPa, and all the mixtures met the target strength at 28 d of age. The compressive strength results at
1 d of age showed that the compressive strength of Expansive Additive (EA)-0.0 was 3.16 MPa, but the
AAM mortar specimens mixed with the expansive additive exhibited compressive strengths exceeding
5 MPa, indicating a strength increase of more than 2 MPa compared to that for EA-0.0. In particular,
EA-5.0 exhibited a compressive strength of 5.91 MPa, the highest observed strength, at 1 d of age.
At 28 d of age, the strengths of EA-2.5 and EA-5.0 were respectively 12.6% and 13.7% higher than that
of EA-0.0. The strength of EA-7.5, however, was only 8.4% higher. Therefore, it was found that AAM
mortar exhibited the highest strength when the content of the expansive additive was 5%.

When the modulus of elasticity of the AAM mortar specimens mixed with the expansive additive
were compared, it was found that the initial modulus of elasticity increased as the content of expansive
additive increased. While the modulus of elasticity of EA-0.0 at 1 d of age was 1.21 GPa, that of EA-7.5
with the highest expansive additive content was 2.46 GPa, which was approximately two times higher.
As the age increased, however, the effect of the addition of the expansive additive on the modulus of
elasticity decreased. At 28 d of age, the modulus of elasticity of the AAM mortar ranged from 20.07 to
21.17 GPa, showing that the influence of the expansive additive was not significant.

Table 3. Compressive strength and modulus of elasticity of AAM mortar.

Type
Compressive Strength (MPa) Modulus of Elasticity (GPa)

1 d 7 d 28 d 1 d 7 d 28 d

EA-0.0 3.16 33.96 43.59 1.21 15.49 20.53
EA-2.5 5.18 37.70 49.09 2.13 15.67 20.07
EA-5.0 5.91 35.22 49.56 2.07 15.84 20.16
EA-7.5 5.68 34.98 47.26 2.46 16.15 21.17
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AAM mortar with the CSA expansive additive exhibited an increase in the modulus of elasticity at
early ages, but there was no significant difference in the modulus of elasticity at 28 d of age. This means
that the rate of increase of the modulus of elasticity may vary depending on the content of the expansive
additive. Various prediction equations on the modulus of elasticity were applied to compare the
moduli of elasticity of the AAM mortar according to the content of the expansive additive, but the
model on the modulus of elasticity proposed by American Concrete Institute (ACI) 209, which can
predict the modulus of elasticity of the AAM mortar most accurately, was used [34]. As a result,
R2 between the modulus of elasticity measured from the experiment and that obtained by the ACI 209
model for AAM mortar was 98.89% or higher, indicating a high correlation.

Ecmt = Ecm28

√
t

a + bt
(1)

where Ecmt is the modulus of elasticity of the AAM mortar at t days of age, and Ecm28 is the compressive
strength at 28 d of age. a and b are material constants related to the compressive strength. Figure 2
shows the experimental values of the modulus of elasticity of the AAM mortars and the prediction
curves for the modulus of elasticity as per the ACI 209 model. Table 4 shows the results of the derivation
of the values of a and b according to the content of the expansive additive by applying the ACI 209
model. Nagataki and Gomi [35] reported that if the content of CSA expansive additive exceeds a
certain value, the strength may decrease but the modulus of elasticity and creep increase continuously.
The experiment results also showed that the material constants of the modulus of elasticity did not
change considerably when the content of the expansive additive was less than 5%, but they exhibited
a different tendency when the content was 7.5% because the increment in the modulus of elasticity
increased. When the content of the expansive additive was less than 5%, the value of a, which represents
the increment in the modulus of elasticity, decreased, whereas the value of b, which denotes the rate
of increase in the modulus of elasticity, showed a tendency to slowly increase as the content of the
expansive additive increased at 1 d of age. This means that when the expansive additive is added,
the initial modulus of elasticity is high and the modulus of elasticity rapidly increases, but there is
no significant difference in the final modulus of elasticity. As a result, the prediction curves for the
modulus of elasticity as per the ACI 209 model showed a tendency similar to the actually measured
modulus of elasticity. Regarding the curves for the modulus of elasticity predicted by the ACI 209
model, EA-7.5 exhibited a somewhat high modulus of elasticity in the long term, but the AAM mortar
specimens with the expansive additive content of less than 5% exhibited no significant difference in the
modulus of elasticity.

 
Figure 2. Comparison of modulus of elasticity between the test results and the results of the ACI
209 model.
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Table 4. Material constants of the modulus of elasticity of AAM mortar.

Type EA-0.0 EA-2.5 EA-5.0 EA-7.5

a 8.4 7.4 7.3 8.0
b 0.689 0.722 0.727 0.703

R2 0.9915 0.9895 0.9889 0.9914

3.2. Shrinkage

Figure 3 shows the shrinkage test results of the AAM mortars at 3 and 150 d of age according to
the content of the expansive additive. In the AAM mortar shrinkage test, measurement was started
based on the final setting time. According to the results of various studies on AAMs, OPC-based
mortar has large initial autogenous shrinkage, which tends to decrease over time. However, AAM
mortar has higher initial autogenous shrinkage than OPC mortar and involves high shrinkage in the
long term [11,36]. In this experiment, the shrinkage test results of the AAM mortars also showed
that rapid shrinkage occurred until approximately 0.5 d and continuous shrinkage occurred until
150 d. EA-0.0 exhibited the highest total shrinkage and autogenous shrinkage because it had no
shrinkage compensation effect caused by the expansive additive. As the content of the expansive
additive increased, the shrinkage of the AAM mortar decreased. The shrinkage compensation effect of
the expansive additive was most clearly observed within 1 d of age. Moreover, the shrinkage curves
for up to 150 d of age showed that the shrinkage compensation effect of the expansive additive was not
significant for autogenous shrinkage, but the opposite was true for total shrinkage.

The total shrinkage of AAM mortar is the sum of autogenous and drying shrinkage. Thus, drying
shrinkage can be calculated using the measured total and autogenous shrinkage. Table 5 summarizes
the autogenous, total, and drying shrinkage of the AAM mortars at 1 and 150 d of age. When the
shrinkage of AAM mortars was analyzed at 1 d of age, the autogenous shrinkage reduction rates of
EA-2.5, EA-5.0, and EA-7.5 were 23.3%, 27.0%, and 35.3% respectively compared to the autogenous
shrinkage of EA-0.0, and their corresponding drying shrinkage reduction rates were 65.0%, 65.9%, and
85.1%. This indicates that the addition of expansive additive to AAM mortar reduces both autogenous
and drying shrinkage at 1 d of age, but the influence on drying shrinkage is higher. When the shrinkage
of the AAM mortars was analyzed at 150 d of age, the autogenous shrinkage reduction rates of EA-2.5,
EA-5.0, and EA-7.5 were 1.8%, 3.9%, and 7.5% respectively compared to the autogenous shrinkage of
EA-0.0; thus, the reduction rates were lower compared to those at 1 d of age. The drying shrinkage
reduction rates of EA-2.5, EA-5.0, and EA-7.5 were 38.0%, 67.4%, and 71.8% respectively compared to
the drying shrinkage of EA-0.0, indicating that the reduction rates were lower compared to those at 1 d
of age even though shrinkage was reduced by the expansive additive in the long term. This result
can be attributed to the initial shrinkage compensation effect of the CSA expansive additive, and the
shrinkage reduction rate decreased in the long term because the shrinkage compensation effect of the
expansive additive was not significant after 3 d of age.

Table 5. εash*, εtsh**, εdsh*** of AAM mortar at 1 and 150 d of age.

Type
εash (με) εtsh (με) εdsh = εtsh − εash (με)

1 d 150 d 1 d 150 d 1 d 150 d

EA-0.0 −1096 −2330 −1559 −3096 −463 −766
EA-2.5 −859 −2290 −1003 −2765 −162 −475
EA-5.0 −800 −2211 −958 −2461 −158 −250
EA-7.5 −709 −2165 −778 −2381 −69 −216

* εash: Autogenous shrinkage, ** εtsh: Total shrinkage, *** εdsh: Drying shrinkage.
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(a)                                   (b) 

  
(c)                                   (d) 

   
(e)                                    (f) 

Figure 3. Autogenous shrinkage curves of AAM mortars: (a) autogenous shrinkage for 3 d, (b) autogenous
shrinkage for 150 d, (c) drying shrinkage for 3 d, (d) drying shrinkage for 150 d, (e) total shrinkage for 3 d,
and (f) total shrinkage for 150 d.

3.3. Shrinkage Modeling

The shrinkage of concrete and mortar is affected by various mixing and curing conditions, and it
must be measured for a long period of time. Therefore, various models have been proposed to predict
shrinkage in advance. The reaction mechanisms of the AAMs, however, are different from those of the
existing OPC-based mortar and concrete. They are also characterized by different binder reaction times
and reaction rates. Therefore, a model that reflects the effects of materials must be selected to predict
the shrinkage of the AAM mortar using a model. Hu et al. [37] applied various models to predict the
autogenous and drying shrinkage of alkali-activated slag mortar and examined their suitability. They
also reported that the exponential function model is suitable for predicting the autogenous and drying
shrinkage of AAM mortar. In the exponential function model, the effects of materials and mixing can
be reflected through the values of the constants. Thus, an exponential function model was applied to
analyze the shrinkage of the AAM mortars mixed with the expansive additive, as follows:
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ε(t) = εs[1− α · exp(−bt)] (2)

In this exponential model, ε(t) is the shrinkage at t days of age and ε150 is the shrinkage at 150
d of age. Both α and b are material constants, where α denotes the generated amount of shrinkage
and b is the slope of generated shrinkage over time, and subscripts a and d refer to the autogenous
shrinkage and drying shrinkage respectively. Table 6 summarizes the material constants and amount
of shrinkage at 150 d of age for the AAM mortars mixed with the expansive additive using the
exponential model. When the material constants for the autogenous shrinkage of the AAM mortars
were analyzed, the value of αa for EA-0.0 was −0.499, while those for EA-2.5, EA-5.0, and EA-7.5,
which used an expansive additive, ranged from −0.553 to −0.572. Thus, the values of αa for the AAM
mortar specimens that used the expansive additive were lower. The values of ba, however, showed
no significant difference despite a slight increase when the expansive additive was added. Moreover,
when the material constants for the drying shrinkage of the AAM mortars were analyzed, it was found
that the value of αd for EA-0.0 was −0.485, but those for the AAM mortar specimens that used the
expansive additive ranged from −0.700 to −0.944. Thus, the use of the expansive additive significantly
decreased the value of αd. The value of bd, however, exhibited no significant difference, similar to the
case of autogenous shrinkage.

Figure 4 shows the relationships between the expansive additive content and the coefficients
of the shrinkage model. While the material constants of autogenous shrinkage did not exhibit
significant changes even when the expansive additive content increased, αd significantly decreased as
the expansive additive content increased. This indicates that the CSA expansive additive has a larger
impact on drying shrinkage than on autogenous shrinkage. An increase in the expansive additive
content can compensate for and reduce shrinkage, but this mostly results from the expansion effect
at early ages. The value of b was not affected by the expansive additive content. This is because the
shrinkage reduction effect of the expansive additive was not significant in a long term.

Table 6. Material constants of the exponential function model for autogenous and drying shrinkage.

Type
Autogenous Shrinkage Drying Shrinkage

αa ba εas, 150 R2 αd bd εds, 150 R2

EA-0.0 −0.499 0.023 3745.2 0.9574 −0.485 0.0127 −1016.9 0.9977
EA-2.5 −0.553 0.025 3270.1 0.9566 −0.700 0.0136 −591.3 0.9752
EA-5.0 −0.560 0.024 3207.8 0.9605 −0.874 0.0097 −587.2 0.9575
EA-7.5 −0.572 0.026 2963.5 0.9565 −0.944 0.0121 −441.0 0.9521

x x

x x

 

x

x+

 
(a)                                          (b)  

Figure 4. Relationships between the expansive additive content and material coefficients of the shrinkage
model: (a) for coefficient “α”, and (b) for coefficient “b”.
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3.4. Shrinkage Stress

To calculate the shrinkage stress of the AAM mortars, the prediction curves for the modulus of
elasticity obtained by the ACI 209 model and the total shrinkage prediction curves of the AAM mortars
obtained by the exponential function were used. The shrinkage stress of the AAM mortars (f(sh, t+Δt))
was calculated by adding the stress caused by the shrinkage generated per unit time (Δf sh) to the
shrinkage stress acting on the AAM mortar (f (sh, t)).

f (sh, t+Δt) = f (sh, t) + Δf sh, (3)

Δf sh = E·Δεsh. (4)

Figure 5 shows the stress generated by shrinkage at 30 min intervals (Δf sh) and the shrinkage
stress accumulated in the AAM mortars (fsh) over time. The shrinkage stress generated per unit time
in Figure 5a shows that a large amount shrinkage occurred until 1 d of age, and thus, Δf sh was also
high even though the modulus of elasticity was low in that period. Δf sh rapidly decreased after 1 d of
age, but it showed a tendency to slowly increase as the age increased. This is because the modulus of
elasticity increased with the age. For the AAM mortars, shrinkage stress continuously occurred until
150 d as total shrinkage increased. Δf sh mostly ranged from 0.001–0.003 MPa, but it showed a higher
range (0.004–0.006 MPa) within 60 d of age. Large shrinkage stress was observed in some sections
because some differences were observed in Δεsh when the shrinkage obtained by the data logger was
divided into 30 min intervals. The increase in the expansive additive content decreased the maximum
value of Δf sh at 1 d of age, but the expansive additive content could not significantly affect Δf sh after
1 d of age.

  
(a) (b) 

Figure 5. Stress generated by shrinkage. (a) Stress generated per unit time (Δfsh), and (b) shrinkage
stress (fsh).

As shown in Figure 5b, the shrinkage stress accumulated in the AAM mortars (fsh) was hardly
affected by the expansive additive content. At early ages, the shrinkage stress decreased as the expansive
additive content increased. After 6 d of age, however, such tendency was not observed. For the
AAM mortars, the shrinkage stress continuously increased until 150 d of age. Table 7 summarizes
the cumulative shrinkage stress at 1, 28, and 150 d of age. The shrinkage stress at 1 d of age ranged
from 0.54 to 0.26 MPa, which was approximately 12.1–6.1% of the shrinkage stress at 150 d of age.
The shrinkage stress at 28 d of age ranged from 2.37 to 1.90 MPa, which was approximately 55.5–43.5%
of the shrinkage stress at 150 d of age. These results show that relatively larger shrinkage stress
occurred at early ages. After 28 d of age, however, continuous shrinkage stress was observed in the
AAM mortars. This value increased until 150 d without reduction even when the expansive additive
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was added. When the shrinkage stress values according to the expansive additive content at 1 and
150 d of age were compared, it was found that the shrinkage stress of the AAM mortars reduced by
29.6–51.9% at 1 d of age depending on the expansive additive content. However, the shrinkage stress
reduction rate decreased to less than 5% at 150 d of age. This is because the expansive additive could
not reduce the shrinkage stress in the long term as it reacted at early ages, resulting in an expansion,
and could not generate further expansion thereafter.

Table 7. Shrinkage stress by age according to expansive additive content.

Type
fsh (MPa)

Increase/Decrease Rate Compared to the
Reference (EA-0.0) (%)

1 d 28 d 150 d 1 d 28 d 150 d

EA-0.0 0.54 2.20 4.48 0.0 0.0 0.0
EA-2.5 0.38 2.37 4.27 −29.6 +7.7 −4.7
EA-5.0 0.37 1.90 4.37 −31.5 −13.6 −2.5
EA-7.5 0.26 2.08 4.27 −51.9 −5.5 −4.7

4. Conclusions

The compressive strength, moduli of elasticity, and shrinkage test results of AAM mortars were
obtained according to the content of the CSA expansive additive, and a shrinkage model was derived
based on the results. In addition, the following conclusions were drawn from calculations of the
shrinkage stress.

1. The addition of CSA expansive additive increased the compressive strength and modulus of
elasticity of the AAM mortars at 1 d of age, and this tendency increased as the CSA expansive
additive content increased. After 1 d of age, however, the addition of CSA expansive additive
could hardly improve the compressive strength and moduli of elasticity of the AAM mortars.

2. The AAM mortars exhibited autogenous shrinkage to a greater extent than drying shrinkage,
but the CSA expansive additive had a larger impact on reducing drying shrinkage. Therefore,
limitations exist with regard to controlling the shrinkage of AAM mortar with the CSA
expansive additive alone, and it is necessary to apply additional methods for controlling
autogenous shrinkage.

3. A model capable of predicting the modulus of elasticity and shrinkage of AAM mortar by age
was proposed, and the shrinkage stress of the AAM mortar mixed with the CSA expansive
additive at 150 d of age was calculated using the proposed model. The result showed that the
CSA expansive additive was suitable for controlling the cracks caused by the shrinkage of the
AAM mortar at early ages, but it caused no improvement with regard to shrinkage generated in
the long term. Therefore, to ensure effective control of the shrinkage stress of AAM mortar, it is
necessary to accurately quantify the stress through long-term shrinkage stress monitoring and
to apply techniques capable of controlling shrinkage stress properly depending on the time of
shrinkage occurrence.

4. The results of this study in predicting cracks caused by the shrinkage of AAM mortar will be used
for material improvement and curing management methods to minimize the shrinkage of AAM.
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Abstract: Concrete has high compressive strength, but low tensile strength, bending strength,
toughness, low resistance to cracking, and brittle fracture characteristics. To overcome these problems,
fiber-reinforced concrete, in which the strength of concrete is improved by inserting fibers, is being
used. Recently, high-performance fiber-reinforced cementitious composites (HPFRCCs) have been
extensively researched. The disadvantages of conventional concrete such as low tensile stress, strain
capacity, and energy absorption capacity, have been overcome using HPFRCCs, but they have a
weakness in that the fiber reinforcement has only 2% fiber volume fraction. In this study, slurry
infiltrated fiber reinforced cementitious composites (SIFRCCs), which can maximize the fiber volume
fraction (up to 8%), was developed, and an experimental study on the tensile behavior of SIFRCCs
with varying fiber volume fractions (4%, 5%, and 6%) was carried out through direct tensile tests.
The results showed that the specimen with high fiber volume fraction exhibited high direct tensile
strength and improved brittleness. As per the results, the direct tensile strength is approximately
15.5 MPa, and the energy absorption capacity was excellent. Furthermore, the bridging effect of steel
fibers induced strain hardening behavior and multiple cracks, which increased the direct tensile
strength and energy absorption capacity.

Keywords: SIFRCC; fiber volume fraction; direct tensile strength; energy absorption capacity; direct
tensile test

1. Introduction

Concrete is widely used in architectural structures and social infrastructure facilities because it is
economical and has high compressive strength and durability. However, concrete is characterized by
brittle fracture due to low bending and tensile strengths and weak crack resistance compared to the
high compressive strength [1–6]. Recently, studies have been conducted to develop high-performance
construction materials with excellent performance by improving the disadvantages or maximizing
the advantages of concrete. Attempts are being made to mechanically increase strength or improve
ductility, because strength and ductility have opposite properties [7].

With the development of construction technology, the construction of high-rise of buildings and
long structures, the use of 100 MPa or higher ultra-high-strength concrete is increasing [8]. However,
although ultra-high-strength concrete has high compressive strength, it has low tensile strength,
bending strength, and toughness, and weak resistance to cracks [8]. Above all, ultra-high-strength
concrete has the intrinsic problem of brittle fracture to the peak stress. To overcome this problem,
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active studies are being conducted on high-performance fiber-reinforced cementitious composites
(HPFRCCs), in which brittle fracture to ductile fracture are induced [8].

HPFRCCs are characterized by improved tensile force, strain capacity, and energy absorption
capacity, which are the weaknesses of conventional concrete [9,10]. However, the maximum fiber
volume fraction of conventional HPFRCCs and fiber-reinforced concrete is limited to 2.0% due to fiber
balling [9,10]. A majority of fiber balling occurs during the fiber addition process due to excessive
fibers during the mixing of HPFRCCCs and fiber-reinforced concrete. Thus, the limited fiber volume
fraction has been one of the biggest disadvantages. Studies are being actively conducted to understand
the direct tensile behavior characteristics of HPFRCCs [9,10]. To overcome these disadvantages,
an increase in the steel fiber volume fraction may improve tensile strength and energy absorption
capacity. Therefore, HPFRCCs reported thus far have exhibited deflection hardening behavior under
flexural tensile load, rather than direct tensile behavior and strain hardening behavior with multiple
micro-cracks [9,10]. Therefore, it is very difficult to obtain a tensile stress-strain curve under direct
tensile load to acquire information on multiple cracks [9,10].

To maximize the mechanical properties of HPFRCCs and overcome the limitation of fiber volume
fraction, this study developed slurry-infiltrated fiber-reinforced cementitious composites (SIFRCCs),
which can incorporate a high volume of steel fibers. The SIFRCCs can incorporate up to 8% fiber
volume fraction, thus maximizing tensile strength, energy absorption capacity, and strain capacity,
which are shortcomings of the conventional concrete and fiber-reinforced concrete. An experimental
research on the tensile behavior characteristics was conducted with respect to the fiber volume fraction
of high-performance SIFRCCs through a direct tensile test.

2. Existing Works Related to Direct Tensile Test

In a study on the flexural tensile strength of fiber-reinforced concrete members, the ductile behavior
improved after cracking at 80 MPa or lower compressive strength. However, studies on structural
behavior analysis of members of 150 MPa or higher compressive strength are relatively insufficient and
predictions of the bending strength are limited [8,11]. Flexural tensile tests of fiber-reinforced concrete
involve many difficulties, but flexural tensile test are mainly conducted for direct tensile tests because
of the problems of slip phenomenon of specimens in the drawing process [8]. However, attempts
at direct tensile tests are being made continuously because reliability can be compromised due to
many assumption conditions in the process of estimating tensile strength through flexural tensile tests.
To address this problem, French regulations have presented a method of performing tests by directly
installing notches in the specimens [12].

According to a research report on ultra high performance concrete (UHPC), crack review appears
to be unnecessary for UHPC considering its higher tensile strength than conventional concrete due
to the action of steel fibers, and the characteristic of low crack width relative to the tensile load also
appears to be unnecessary [8,13,14]. The report mentioned that even though the crack width is small,
it is necessary to examine crack behavior under various load conditions [8,15]. It also stated that
because the crack behavior can vary under the working load and extreme load due to the ductile tensile
behavior, it is necessary to validate the crack examination of UHPC with the existing design standards
through direct tensile test [8,15]. Furthermore, unlike the direct tensile test, indirect tensile tests, such
as tensile test through bending, are burdensome because they require inverse analysis using numerical
analysis [8,15]. Although direct tensile tests are not widely used in the measurement of the tensile
behavior of concrete, they have been considered to be the most direct and proper method owing to the
characteristics of UHPC that exhibits ductile behavior after cracking [8,15].
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3. Experiment Overview

3.1. SIFRCCs

The SIFRCCs developed in this study can maximize the steel fiber volume fraction of the existing
fiber-reinforced concrete and HPFRCCs. With its high fiber volume ratio, high tensile strength,
energy absorption capacity, and strain capacity can be expected. Unlike fiber-reinforced concrete and
HPFRCCs, SIFRCCs can be produced by the following steps. First, the mold is filled with steel fibers in
advance. Second, high-performance slurry is prepared after mixing. This slurry should be poured to
avoid mixing the concrete matrix and steel fibers. The high-performance slurry should be pour from
one end to the other within the cluster of steel fibers such that there are no bubbles. This is done to
avoid voids. SIFRCCs are characterized by the omission of coarse aggregates for the high-performance
slurry to achieve sufficient filling performance between the steel fibers [9,16].

3.2. Experiment Method

To analyze the compressive strength of SIFRCCs, fiber volume fractions of 4%, 5%, and 6% were
considered. The compressive strength test was performed in accordance with Korea Standards (KS F
2405) [17]. The cylinder specimens used had a diameter of 100 mm and a height of 200 mm.

To analyze the tensile behavior characteristics with respect to the fiber volume fraction of SIFRCCs,
the characteristics of direct tensile behavior were experimented. In the case of direct tensile test, the test
method is not clearly defined. Therefore, we conducted an experimental study on the tensile behavior
characteristics such as energy absorption capacity through the direct tensile strength, which indicates
the maximum tensile stress, strain capacity at the direct tensile strength, and stress-strain curve based
on literature review.

To analyze the tensile behavior characteristics of SIFRCCs, fiber volume fractions of 4%, 5%, and
6% were considered. The direct tensile test was performed by displacement control method at the rate
of 1 mm/min. A direct tensile test specimen appropriate for the dedicated tensile jig was fabricated as
shown in Figure 1. The tensile behavior characteristics were analyzed using the 300-ton class universal
testing machine shown in Figure 2. The cross-section of the direct tensile test specimen has a width of
50 mm and a height of 25 mm. The scope of gauge length for tensile performance measurement was
set to 50 mm. To induce multiple cracks of SIFRCCs within the range of gauge length, a wire mesh was
installed outside the gauge length and used facilitate crack inducement. Furthermore, to derive the
tensile stress-strain curve of the SIFRCCs, a linear variable differential transformer (LVDT) (Tokyo
Sokki, Tokyo, Japan) that can take measurements up to 25 mm was installed on either side of the tensile
jig. The direct tensile strength was calculated using the following Equation (1) [7]:

f =
Pmax

bh
(1)

where Pmax is the maximum load (N), b is the width (mm) at the gauge length, and h. is the height at
the gauge length (mm).
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Figure 1. Schematic of the specimen.

Figure 2. Experimental setup.

3.3. Materials

This study used type 1 ordinary Portland cement. Table 1 lists the physical and chemical properties
of the used cement. In this study, silica fume was used to achieve high-performance and high strength
of the slurry. Table 2 lists the physical and chemical properties of the used silica fume.

Table 1. Physical and chemical properties of the used cement.

Physical Properties

Specific Gravity Fineness (cm2/g) Stability (%)
Setting Time (min)

LOI (%)
Initial Final

3.15 3400 0.10 230 410 2.58

Chemical compositions (%, mass)

SiO2 CaO MgO SO3 Al2O3

21.95 60.12 3.32 2.11 6.59
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Table 2. Physical and chemical properties of silica fume.

Physical Properties

Specific Gravity Fineness (cm2/g)

2.10 200,000

Chemical compositions (%, mass)

SiO2 CaO MgO SO3 Al2O3

96.00 0.38 0.10 - 0.25

Furthermore, fine aggregates with a diameter of 0.5 mm or less were used to improve the filling
performance of the high-performance slurry and to reduce material separation. Coarse aggregates
were not used to secure filling performance. To improve the filling performance of the slurry, a
high-performance polycarboxylic acid water-reducing agent was used. The admixture used in this
experiment has high strength and high flow characteristics and has excellent unit water quantity
reduction property and material separation resistance.

For steel fibers, double hook steel fibers for conventional concrete with a diameter of 0.75 mm, a
length of 60 mm, and an aspect ratio of 80 were used. Regarding physical properties, the steel fibers
have a density of 7.8 g/cm3 and a tensile strength of 1200 MPa. Figure 3 shows the shape of the used
steel fibers.

Figure 3. Shape of the used steel fibers.

3.4. Mixing and Fabrication of Specimens

To mix the SIFRCCs, the water-binder ratio was fixed to 0.35 to achieve the filling performance of
the high-performance slurry for filling the inner space of the steel fibers that were placed in advance.
The amount of the high range water reducing (HRWR) agent was set to 2.5% of the binder weight.
To reduce material separation and achieve the required strength, fine aggregates were added for 0.5%
of binder weight and the silica fume was added for 15% of the cement weight. Table 3 shows the
SIFRCC mixing formula. The fiber volume fraction variables were set to 4%, 5%, and 6%.

Table 3. Slurry-Infiltrated Fiber-Reinforced Cementitious Composites (SIFRCCs) mixing formula.

Variables W/B (%)
Unit Material Quantity (kg/m3)

W C Fine Aggregate Silica Fume HRWR Steel Fibers

4%

35 407.4 962.8 566.4 169.9 28.3

312

5% 390

6% 468

To analyze the tensile behavior characteristics of the SIFRCCs with respect to the fiber volume
fraction of 4%, 5%, and 6% in the direct tensile test, direct tensile test specimens were fabricated with
the mixing ratio of each variable in Table 3.
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4. Results and Analysis

4.1. Compressive Strength

Figure 4 shows the compressive strength test results with respect to the fiber volume fraction of
SIFRCCs. In the case of 6% fiber volume fraction, the average compressive strength was analyzed
to be approximately 83 MPa. The average compressive strength of 5% fiber volume fraction was
approximately 75 MPa, lower by approximately 10%. Furthermore, the average compressive strength
of 4% fiber volume fraction was approximately 66 MPa lower by approximately 12% compared to the
5% fiber volume fraction and by approximately 21% compared to the 6% fiber volume fraction. The
compressive strength increased in proportion to the fiber volume fraction. The input amount of steel
fibers appeared to increase with increasing fiber volume fraction, which generated the restraining
effect of the specimen itself, and this affected the increase of compressive strength. Figure 5 shows the
result of the compressive stress-strain test with respect to the fiber volume fraction.

Figure 4. Compressive strength test results with respect to the fiber volume fraction.

Figure 5. Compressive stress-strain curve with respect to the fiber volume fraction.

4.2. Direct Tensile Strength

Figure 6 shows the results of the direct tensile strength test with respect to the fiber volume
fraction of SIFRCCs. The direct tensile strength test result of 6% fiber volume fraction showed a high
average direct tensile strength of approximately 15.5 MPa. The average direct tensile strength of 5%
fiber volume fraction was approximately 14.2 MPa, lower by approximately 9%. The average direct
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tensile strength of 4% fiber volume fraction was approximately 11.0 MPa, lower by approximately 23%
compared to 5% fiber volume fraction and by approximately 30% compared to 6% fiber volume fraction.

Figure 6. Direct tensile strength with respect to fiber volume fraction.

The direct tensile strength test of the SIFRCCs showed that the cracks gradually spread and lead
to fracture after the initial cracking due to the reinforcement of steel fibers. This phenomenon was
evident as the fiber volume fraction increased. Furthermore, the direct tensile strength also showed an
increasing trend with the increasing fiber volume fraction, similar to the compressive strength test
result of the SIFRCCs with respect to the fiber volume fraction.

4.3. Strain Capacity and Tensile Stress-Strain Curve

Figure 7 shows the strain capacity test result with respect to the fiber volume fraction at the direct
tensile strength. The result of the strain capacity test under the direct tensile strength with respect
to the fiber volume fraction of SIFRCCs verified excellent strain capacity of 0.7% (0.007) at 5% fiber
volume fraction. Since the direct tensile strength increased with increasing fiber volume fraction,
the strain capacity was expected increase as well, but the strain capacity was the lowest at 6% fiber
volume fraction. This is because in the case of 6% fiber volume fraction, the steel fibers resist the direct
tensile load as the fiber amount increases, and due to the small cross-section size (25 × 50 mm2) of the
direct tensile test specimen, the adhesion performance of the high-performance slurry matrix and steel
fibers decreased. Furthermore, considering that the length of the steel fibers is 60 mm, the size of the
specimens is considered to be affected by the specimens because the arrangement of steel fibers was
parallel to the tensile load when the direct tensile test specimen was fabricated.

Figure 8 shows the tensile stress-strain curve with respect to the fiber volume fraction of the
SIFRCCs, and Figure 9 shows the tensile stress-strain curve of the 6% fiber volume fraction of the
SIFRCCs. The strain at the direct tensile strength was analyzed to be 0.53% (0.0053), and the energy
absorption capacity was 62.10 kJ/m3, which was the lowest among all variables. Regarding the
compressive stress-strain test result for 6% fiber volume fraction, the post-peak behavior exhibited
a strain hardening behavior, but the post-peak behavior of the tensile stress-strain curve test result
exhibited a strain softening behavior. Considering that the cross-section size of the gauge length for
measurement is 25× 50 mm2, the result was somewhat different from the compression behavior because
the adhesion performance between the high-performance slurry matrix and steel fibers was insufficient.
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Figure 7. Strain capacity test results at the direct tensile strength.

Figure 8. Tensile stress-strain curve with respect to the fiber volume fraction.

Figure 9. Tensile stress-strain curve of Slurry-Infiltrated Fiber-Reinforced Cementitious Composites
(SIFRCCs) with 6% fiber volume fraction.

76



Materials 2019, 12, 3335

Figure 10 shows the tensile stress-strain curve of the SIFRCCs with 5% fiber volume fraction.
The strain at the direct tensile strength was 0.7% (0.0070), indicating the highest strain capacity among
all variables. The energy absorption capacity was also the highest at 88.05 kJ/m3 on average. Similar
to the tensile stress-strain test result for the specimen with 6% fiber volume fraction, the post-peak
behavior exhibited a strain softening behavior.

Figure 10. Tensile stress-strain curve of SIFRCCs with 5% fiber volume fraction.

Figure 11 shows the tensile stress-strain curve of SIFRCCs with 4% fiber volume fraction.
Unlike the tensile stress-strain test result for 5% and 6% fiber volume fractions, the post-peak behavior
characteristics were closest to the strain hardening behavior. The direct tensile strength for 4% fiber
volume fraction was lower than those of others, but the energy absorption capacity was 62.27 kJ/m3,
which is higher than that of the 6% fiber volume fraction (the highest direct tensile strength). This is
considered to be because the size of the direct tensile test specimen is too small and the interface
adhesion property between the high-performance slurry and steel fibers did not reach the maximum,
resulting in different tensile behavior characteristics for each fraction.

Figure 11. Tensile stress-strain curve of SIFRCCs with 4% fiber volume fraction.

5. Conclusions

To overcome the limited fiber volume fraction of the conventional fiber-reinforced concrete and
HPFRCCs, this study developed SIFRCCs that contains a high fiber volume fraction to maximize
the tensile strength, energy absorption capacity and strain capacity. An experimental study on
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tensile behavior characteristics was conducted with respect to different fiber volume fractions of the
high-performance SIFRCCs through direct tensile tests. The conclusions of this study are as follows.

(1) The analysis result of the tensile behavior characteristics through direct tensile tests of the
SIFRCCs showed a high direct tensile strength, more than 15 MPa (Vf = 6%), which is higher than
conventional HPFRCCs and UHPC due to increasing the fiber volume fraction. Also the load of
SIFRCCs with respect to the fiber volume fraction continuously increased because of the high
fiber volume fraction after the initial crack, and sufficient residual strength was obtained after the
maximum strength. This sufficient residual strength is expected to bring about positive effects to
the brittle fracture of structures when unexpected loads is applied.

(2) The reinforcement with a high fiber volume fraction improved brittleness, which is a disadvantage
of conventional concrete. After the initial cracking, cracks gradually spread and led to fracture.
The maximum strain capacity was approximately 0.7%, which showed excellent energy absorption
capacity. However, the interface adhesion performance between the high-performance slurry
and steel fibers was insufficient due to small cross-section of the direct tensile test specimen. It is
expected that the strain capacity and energy absorption capacity can be improved by increasing
the cross-section size.

(3) The energy absorption capacity increased but the strain capacity tended to decrease with increasing
fiber volume fractions. It is that the size of the direct tensile specimen is too small to exert the
maximum interface adhesive characteristics between the high-performance slurry and steel fibers,
indicating different direct tensile behavior for each fiber volume fraction.

(4) The bridging effect of steel fibers caused strain hardening behavior and multiple cracks, resulting
in the increase of the direct tensile strength and energy absorption capacity. In the case of the
strain capacity, it was suppressed by the high-performance slurry restraint due to the increase of
the adhesion of the slurry and steel fibers.
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Abstract: Modern concrete infrastructure requires structural components with higher mechanical
strength and greater durability. A solution is the addition of nanomaterials to cement-based materials,
which can enhance their mechanical properties. Some such nanomaterials include nano-silica
(nano-SiO2), nano-alumina (nano-Al2O3), nano-ferric oxide (nano-Fe2O3), nano-titanium oxide
(nano-TiO2), carbon nanotubes (CNTs), graphene and graphene oxide. These nanomaterials can
be added to cement with other reinforcement materials such as steel fibers, glass, rice hull powder
and fly ash. Optimal dosages of these materials can improve the compressive, tensile and flexural
strength of cement-based materials, as well as their water absorption and workability. The use of these
nanomaterials can enhance the performance and life cycle of concrete infrastructures. This review
presents recent researches about the main effects on performance of cement-based composites caused
by the incorporation of nanomaterials. The nanomaterials could decrease the cement porosity,
generating a denser interfacial transition zone. In addition, nanomaterials reinforced cement can
allow the construction of high-strength concrete structures with greater durability, which will decrease
the maintenance requirements or early replacement. Also, the incorporation of nano-TiO2 and CNTs
in cementitious matrices can provide concrete structures with self-cleaning and self-sensing abilities.
These advantages could help in the photocatalytic decomposition of pollutants and structural health
monitoring of the concrete structures. The nanomaterials have a great potential for applications in
smart infrastructure based on high-strength concrete structures.

Keywords: carbon nanotubes; cement-based materials; concrete infrastructure; graphene; graphene
oxide; mechanical strength; nanomaterials; nano-Al2O3; nano-Fe2O3; nano-SiO2; nano-TiO2;
smart infrastructure

1. Introduction

Construction engineering requires materials that enhance the mechanical properties of the
cement-based composites for modern concrete infrastructure. For instance, the compressive, tensile
and flexural strength of concrete structures need to be improved. For this, nanomaterials can be mixed
with cementitious matrices to obtain concrete with high mechanical strength [1–10]. Nanotechnology
can facilitate the development of nanomaterials incorporated into cement-based materials to increase
their mechanical strength [11–25], decreasing their environment impact [26]. The CO2 emissions
generated during the production of ordinary Portland cement can represent approximately between
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5% and 7% of the world man-made emissions of this gas [27,28]. A main challenge of the cement
industry is the reduction of the CO2 emissions. One alternative solution is the construction of concrete
structures with higher mechanical strength and higher durability, which will decrease their maintenance
requirements or need for early replacement. Thus, the concrete structures can have thinner sections,
which will require less quantity of cement-based composites for their construction.

The cement-based materials can be mixed with nanomaterials such as nano-silica (nano-SiO2),
nano-alumina (nano-Al2O3), nano-ferric oxide (nano-Fe2O3), nano-titanium oxide (nano-TiO2), carbon
nanotubes (CNTs), graphene and graphene oxide. In recent years, several researchers [29–49]
have studied the incorporation of nanomaterials into cement-based materials. The mixture of
cementitious composites and nanomaterials can increase the mechanical strength of the resulting
concrete structures. Thus, the life cycle of these structures can be extended or they can require
smaller amounts of steel reinforcing bars. A common nanomaterial employed in cement-based
composites is nano-silica. This material accelerates the cement hydration due to the generation
of calcium-silicate-hydrate (C–S–H) and dissolution of tricalcium silicates (C3S) [50]. In addition,
this acceleration of cement hydration is caused by the nano-silica acting as a seed for nucleation
of C–S–H [50]. Nano-silica can improve the durability, workability and mechanical properties of
cement-based materials [51–59]. On other hand, nano-Al2O3 particles can increase the compressive
strength of cement-based materials [41,60–63]. Al2O3 nanofibers with a dosage of 0.25% by cement
weight may enhance the compressive strength of cement-based materials by up to 30% [50]. Another
nanomaterial that can be added to cementitious matrices is nano-Fe2O3. Optimal values of this
nanomaterial improve the compressive strength of concrete specimens [64,65]. The cement added with
TiO2 nanoparticles can be used to build a photocatalytic concrete with self-cleaning and air-purification
characteristics [66]. This concrete type can allow effective photocatalytic decomposition of pollutants,
including volatile organic compounds, carbon monoxide, chlorophenols and aldehydes generated
from automobiles and industrial emissions [66–68]. Also, graphene family nanomaterials can be
incorporated into cement composites to enhance their mechanical strength and durability, as well as
provide self-sensing abilities [69–72]. Other novel properties of cement-based materials containing
nanomaterials are their low electrical resistivity and self-sensing capabilities [73]. For instance,
cement-based composites with CNTs have strain-sensing abilities, which may allow the measurement
of their electrical resistance under applied loads [74]. It represents an advantage to obtain strain-sensing
concrete structure systems for structural health monitoring [75,76].

This review includes recent studies about the effects on the mechanical strength, durability and
workability of cement-based composites due to the incorporation of nanomaterials such as nano-SiO2,
nano-Fe2O3, nano-TiO2, nano-Al2O3, CNTs, graphene and graphene oxide. In addition, these studies
include nanomaterials that provide self-cleaning and self-sensing abilities to concrete structures. Also,
the main challenges of using nanomaterials in cement-based materials are discussed.

2. Nanomaterials in Cement-Based Materials

2.1. Nano-Silica (Nano-SiO2)

Nano-silica is a nanomaterial employed for civil engineering applications that can replace
micro-silica and silica fume. Nano-silica reacts with lime during the cement hydration process and it
generates a C–S–H gel that may improve the mechanical strength and durability of concrete. A good
dispersion of nano-silica into cement-based materials can accelerate the hydration process of cement
paste, allowing a denser microstructure. On the other hand, an excessive number of nanoparticles can
cause agglomeration due to their high surface energy, which will provide a non-uniform dispersion.
Figure 1 shows the scale ranges of several materials used in concrete fabrication [77].
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Figure 1. Scale range of several materials used in the concrete fabrication. Reprinted with permission
from [77]. Copyright©2017, Higher Education Press and Springer-Verlag, Berlin/Heidelberg.

Flores-Vivian et al. [77] used Portland cement containing nano-silica to modify the rheological
performance and improve the durability and strength. They used a nano-silica content of 0.25% by
weight of cement-based materials. Other researchers such as Braz de Abreu et al. [22] reported the use
of stabilized nano-silica particles (between 3 and 200 nm in size) in Brazilian-type CP V ARI PLUS
Portland cement. They fabricated three types of concrete mixes: a reference concrete, a concrete added
with stabilized nano-silica and a concrete including stabilized nano-silica with silica fume. After,
they studied the results of concrete compressive strength tests at curing ages of 3, 7 and 28 days.
The concrete compressive strength with only stabilized nano-silica increased up to 27%, 20% and
11% at 28 days compared with the reference concrete. On the contrary, the concrete with stabilized
nano-silica and silica fume registered even higher compressive strength values (i.e., 28%, 37% and
24% at 28 days) compared to the control concrete. Thus, a mixture of nano-silica and silica fume with
Portland cement generated a concrete with higher compressive strength.

Heidari and Tavakoli [78] fabricated a mixture using nano-silica and ceramic powder.
They investigated the properties of ceramic power based on the ASTM C 618 standard, using
92% as material in the mixture. In this mixture, the cement is replaced with ceramic powder (phase
A). In the second phase (phase B), the ceramic powder percentage is reduced, and the nano-silica
is added. They employed the binder content as a constant (320 kg/m3) and a water-cement ratio of
0.5. During phase A, mixtures were made with a ceramic powder percentage of 0%, 10%, 15%, 20%,
25%, 30% and 40% of the cement weight using the same proportion of aggregates and water. During
phase B, mixtures are made with 0.5% and 1% of nanosilica and different ceramic powder content of
10%, 15%, 20% and 25% of the cement weight. All concrete mixtures are fabricated considering the
ASTM C192 standard. The results of the compressive strength tests of the concrete (phase A) were
obtained with different curing ages (7, 28, 56 and 91 days). These results show that the concrete strength
proportionally decreases with the amount of ceramic powder added to the concrete. The concrete
specimen containing 1% of nano-silica and 10% of ceramic powder improved its compressive strength.
The impact on the pozzolanic reaction of nano-SiO2 is more effective at an early age.

Supit and Shaikh [79] determined the durability properties of high-volume fly ash concrete with
addition of nano-silica. They used type I Portland cement and different series of mixtures with a
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water-cement ratio of 0.40. Compressive strength tests for all concrete mixtures were measured at
ages of 3, 7, 28, 56 and 90 days. The incorporation of nano-silica into ordinary concrete increased
the compressive strength reaching up to 150% more at early ages. For ages of 28, 56 and 90 days,
the compressive strength showed an increment between 45% and 75%. The nano-silica accelerated the
hydration process and allowed a cementitious matrix with denser microstructure. The 4% nano-silica-
modified concrete decreased its water absorption (between two and three times lower) in comparison
to concrete without nano-silica. The resistance of chloride penetration was studied at ages of 28 and
90 days, in which the mixture with 2% nano-silica registered the lowest penetration value. Based on
microstructure analysis, nano-silica-modified concrete mixtures presented denser microstructures.
Thus, nano-silica modified concretes could be classified as low permeability concretes.

In order to reinforce reactive powder concrete (RPC), Han et al. [80] added nano-SiO2-coated
TiO2 (NSCT) to RPC. These nanomaterials were studied by scanning electron microscopy (SEM),
thermogravimetry (TG) analysis and powder X-ray diffraction (XRD). The acceleration of cement
hydration due to the effect of the nucleus played a dominant role in the first days. The CH crystals
particles size registered a reduction when the content of NSCT was increased (see Figure 2). The flexural
and compressive strength of NSCT reinforced RPC (NSCTRRPC) specimens were investigated at
curing ages of 3 and 28 days, considering different contents of NSCT (i.e., 1%, 3% and 5% by cement
weight). The NSCTRRPC specimens enhanced their flexural and compressive strength in comparison
to RPC specimens without NSCT. Figures 3 and 4 depict the flexural and compressive strength of
NSCTRRPC specimens at curing ages of 3 and 28 days. For 3% NSCT dosage at a curing age of
3 days, a maximum flexural strength value (9.77 MPa) of the NSCTRRPC specimen was achieved.
It represents an increment of 83.3% compared with the RPC without NSCT. For curing age of 28 days
and 5% NSCT content, the flexural strength (14.38 MPa) of the NSCTRRPC specimen was increased
up to 87% with respect to RPC without NSCT. Thus, NSCT increases the flexural strength of RCP
specimens at both early age (3 days) and later age (28 days). The composites with NSCT registered
small increments in their compressive strength at curing age of 3 days. On the contrary, maximum
levels of the compressive strength of NSCT modified composites were measured at a curing age of
28 days. Thus, the highest compressive strength (111.75 MPa) of NSCTRRPC specimens is obtained
with 3% NSCT dosage. This strength value registered an increase of 12.26% in comparison with RPC
without NCST. However, the flexural strength of NSCTRRPC specimens had higher increment levels
than that of compressive strength for the same test composites. This is caused by the NSCT that
significantly enhances the toughness of the RPC [80].

Li et al. [81] examined the properties of ultra-high-performance concrete, which is obtained with
particles of nano-limestone (nano-CaCO3) and nano-silica. They used type I Portland cement and
fly ash, and silica fume as binding agents. The percentages of nano-silica and nano-limestone by
cement weight were of 0.5%, 1.0%, 1.5% and 2.0% and 2.0%, 3.0% and 4.0%, respectively. The mixture
workability was reduced with respect the control specimen and it was maintained when the amount
of nano-limestone is increased. This is due to the small size of nanoparticles that are found on the
surface, leaving less water to contribute towards fluidity. The compressive and tensile strength of
concretes including nano-limestone and nano-silica were improved with respect to concretes without
any additions. The microstructure with highest values of density and mechanical strength was
obtained with content levels of 1% nano-silica and 3% nano-limestone, respectively. The mechanical
strength of concrete containing nano-silica and nano-limestone is increased with the reduction of the
water-cement ratio.

Sadeghi et al. [82] reported non-destructive compressive strength tests of self-compacting concretes
added with steel fibers, polypropylene and nano-silica. They employed the ultrasonic pulse velocity
technique in concrete to register mechanical strength of concrete specimens. These concrete specimens
(100 × 100 × 100 mm3) were fabricated based on II Portland cement at ages of 7, 28 and 90 days.
In addition, they used 40 different types of mixtures considering 2%, 4% and 6% of replacement with
nano-silica and superplasticizer. In the specimens were measured the wave transmission velocity
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and compressive strength using the exponential relationship between both parameters. An increment
of steel fiber volume above 3% increased the wave pulse transmission velocity in the specimens.
The compressive strength and wave pulse transmission velocity increased when the percentage of
nano-silica achieved above 4% of cement weight; however, both decreased afterwards.

Figure 2. SEM micrographs of CH crystals in concrete with nano-SiO2-coated TiO2 at curing age of
28 days (20,000×): (a) sample T0; (b) sample T3; (c) sample T5. Reprinted with permission from [80].
Copyright©2017, Elsevier B.V.

Figure 3. Flexural strength of NSCTRRPC test specimens with different values of NSCT content at
curing age of 3 and 28 days. Reprinted with permission from [80]. Copyright©2017, Elsevier B.V.
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Figure 4. Compressive strength of NSCTRRPC test specimens with different values of NSCT content at
curing age of 3 and 28 days. Reprinted with permission from [80]. Copyright©2017, Elsevier B.V.

Najigivi et al. [83] implemented tests using ordinary Portland cement and different nano-silica
particles types according to average size. They named each one with the letters N and M, which both
particle types reached an amorphous structure with a high pozzolanic reaction. These researchers
used a water-cement ratio of 0.40, including nano-silica particles with proportions of 0.5%, 1.0%, 1.5%
and 2.0% within the N particles and 2% in the M particles. In all the combinations of these tests,
both nano-silica particles types decreased the concrete fluidity. The lime-cure concrete with maximum
compressive strength was achieved using 2% nano-silica particles of M type with quicklime solution.
This concrete reached the maximum values of compressive strength (40.2 MPa, 53.5 MPa and 57.1 MPa)
at curing ages of 7, 28 and 90 days. This increment is due to the calcium hydroxide compounds reacted
with nano-silica at a superficial level, generating additional C–S–H gel.

Zhang et al. [84] investigated the durability of concrete specimens containing nano-silica and steel
fiber. They used five different contents of nano-silica (1%, 3%, 5%, 7% and 9%) and five-volume levels
of steel fiber (0.5%, 1%, 1.5%, 2% and 2.5%). The durability tests of concrete specimens included the
carbonation and cracking resistance, and permeability and freezing-thawing resistance. The durability
tests are examined considering the carbonation depth of the specimens, total cracking area per unit area
of the concrete specimen, cracks number, relative dynamic elastic modulus of the samples obtained
after of the freezing-thawing cycles, and permeation depth of the water. For instance, a reduction in
both the generated cracks number and water permeation depth of the concrete specimens can improve
the concrete durability. Figures 5 and 6 show the total cracking area per unit area and cracks number of
concrete samples containing 15% fly ash and five different nano-silica dosages. The cracks number in
the concrete specimens decreased when the nano-silica dosages increased from 1% to 7%. The minimum
number of cracks is achieved with 7% nano-silica dosage, but this number is increased when the
nano-silica content is 9%. In addition, the total cracking area significantly decreased for nano-silica
contents between 3% and 5%. Although, a nano-silica dosage of 9% caused an increment of 71.8%
of the total cracking area compared with 5% nano-silica content. On the contrary, water permeation
depth of the concrete specimens is showed in Figure 7. When the nano-silica content increments
between 1% and 5%, the water permeation depth of the concrete specimens is significantly reduced.
This improvement level decreases for nano-silica dosages of 7% and 9%, respectively. Based on these
results, the nano-silica added concrete specimens enhanced their durability when the nano-silica
content is within a certain limit. However, a high content of nano-silica could affect the durability of
the concrete.
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Figure 5. Influence of nano-silica dosage on the total cracking area per area unit of concrete specimens.
Reprinted with permission from [84]. Copyright©2019, MDPI AG.

Figure 6. Effect of nano-silica dosage on the cracks number of concrete samples. Reprinted with
permission from [84]. Copyright©2019, MDPI AG.

Figure 7. Effect of nano-silica dosage on the water permeation depth of concrete samples. Reprinted
with permission from [84]. Copyright©2019, MDPI AG.

Tavakoli et al. [85] reported the effect on the compressive strength caused by addition of silica
fume and nano-silica in concrete samples at curing age of 7, 28 and 56 days. They used type II Portland
cement with different percentages of nano-silica (0.5% and 1%) and silica fume (5% and 10%) by
cement weight. For each case, concrete samples containing nano-silica and silica fume increased their
compressive strength compared to control specimen without these materials. The concrete samples
achieved the highest compressive strength (52.9 MPa) using 10% of silica fume and 1% of nano-silica
particles at curing age of 56 days. This strength value is 42.2% higher than that of the concrete sample
without nano-silica and silica fume. More investigations about of nano-silica modified cement were
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reported by Nazerigivi and Najigivi [86]. They studied the influence on the mechanical strength of
concrete specimens caused by incorporation of two different nano-silica sizes (15 nm and 80 nm) with
percentages of 0.5%, 1.0%, 1.5% and 2.0% by cement weight. They employed ordinary Portland cement
and 16 different concrete samples and one control concrete sample for each mechanical test type,
as indicated Table 1. A water-to-binder ratio of 0.40 was used into all the concrete samples. With lime
solution, these samples are cured at ages of 7, 28 and 90 days. Tables 1–3 indicate the measurements of
the compressive, split tensile and flexural strength of all the concrete samples. For the three curing ages,
the nano-silica added concrete samples improved their compressive strength with respect to that of the
control specimen. The compressive strength had a gradual increment when the nano-silica dosage was
increased up to 2% of 15 nm plus 1.5% of 80 nm; after, it had a small decrease. The generation of C–S–H
gel may be accelerated due to ultra-high specific surface and ultra-fine particle size of nano-silica
incorporated in concrete samples [82]. The split tensile and flexural strength of all the nano-silica
modified concrete specimens were improved with respect to the control sample. Both split tensile and
flexural strength registered gradual increments with the incorporation of nano-silica up to 2% of 15 nm
plus 1.5% of 80 nm; after, these mechanical strengths had a small reduction. It could be caused because
the total quantity of nano-silica is higher than that to obtain the lime-silica hydration reaction [82].

Mastali and Dalvand [87] reported a theoretical and experimental study of the effects on the
mechanical properties of concrete samples due to the presence of 1.0% nano-silica and 7% silica fume,
respectively. They realized 270 tests with different designs of self-compacting concrete, in which the
impact resistance and mechanical properties of concrete samples were enhanced. The incorporation of
nano-silica and silica fume in the cement of silica fume and self-compacting concrete increased 70% its
impact resistance for the first crack. Fiber reinforced specimens with water-cement ratio of 0.34 and
0.27 registered the highest average of tensile and flexural strength, respectively.

Table 1. Compressive strength of concrete specimens containing several nano-silica contents. Reprinted
with permission from [86]. Copyright©2019, Elsevier B.V.

Sample

Nano-Silica Compressive Strength (MPa)
Improvement of Compressive

Strength (%)

15 nm
Nanoparticle

80 nm
Nanoparticle

7 Days 28 Days 90 Days 7 Days 28 Days 90 Days

C0
(control) 0 0 26.3 34.8 40.3 0 0 0

N1 0.5 0.5 28.2 38.4 44.9 7.2 10.3 11.4
N2 0.5 1 30.3 41.3 49.2 15.2 18.7 22.1
N3 0.5 1.5 32.9 44.2 53.0 25.1 27.0 31.5
N4 0.5 2 35.2 46.8 57.6 33.8 34.5 42.9
N5 1 0.5 31 42.5 50.7 17.9 22.1 25.8
N6 1 1 33.4 46.2 54.1 27.0 32.8 34.2
N7 1 1.5 36.3 47.5 58.2 38.0 36.5 44.4
N8 1 2 40.7 50 63.3 54.8 43.7 57.1
N9 1.5 0.5 35.2 47 56.1 33.8 35.1 39.2

N10 1.5 1 37.2 49.1 59.8 41.4 41.1 48.4
N11 1.5 1.5 41.3 52.2 64.7 57.0 50.0 60.5
N12 1.5 2 46.4 58.7 69.3 76.4 68.7 72.0
N13 2 0.5 39 50.3 63.4 48.3 44.5 57.3
N14 2 1 41.9 54 67.2 59.3 55.2 66.7
N15 2 1.5 52.1 63.7 78.1 98.1 83.0 93.8
N16 2 2 50.3 61 75.2 91.3 75.3 86.6

88



Materials 2019, 12, 3548

Table 2. Split tensile strength of concrete specimens containing several nano-silica contents. Reprinted
with permission from [86]. Copyright©2019, Elsevier B.V.

Sample

Nano-Silica Split Tensile Strength (MPa)
Improvement of Split Tensile

Strength (%)

15 nm
Nanoparticle

80 nm
Nanoparticle

7 Days 28 Days 90 Days 7 Days 28 Days 90 Days

C0
(control) 0 0 1.3 1.5 1.9 0 0 0

N1 0.5 0.5 1.8 2 2.7 38.5 33.3 42.1
N2 0.5 1 2.1 2.4 3 61.5 60.0 57.9
N3 0.5 1.5 2.5 2.9 3.5 92.3 93.3 84.2
N4 0.5 2 3 3.3 3.9 130.8 120.0 105.3
N5 1 0.5 2.2 2.8 3.2 69.2 86.7 68.4
N6 1 1 2.7 3.1 3.8 107.7 106.7 100.0
N7 1 1.5 3.1 3.7 4.2 138.5 146.7 121.1
N8 1 2 3.8 4.2 4.8 192.3 180.0 152.6
N9 1.5 0.5 2.9 3.3 4.1 123.1 120.0 115.8

N10 1.5 1 3.3 3.8 4.6 153.8 153.3 142.1
N11 1.5 1.5 4.1 4.5 5.2 215.4 200.0 173.7
N12 1.5 2 4.4 4.8 5.7 238.5 220.0 200.0
N13 2 0.5 3.6 4 4.9 176.9 166.7 157.9
N14 2 1 4.5 4.8 5.5 246.2 220.0 189.5
N15 2 1.5 4.9 4.3 5.9 276.9 186.7 210.5
N16 2 2 4.3 4.8 5.1 230.8 220.0 168.4

Table 3. Flexural strength of concrete specimens containing several nano-silica contents. Reprinted
with permission from [86]. Copyright©2019, Elsevier B.V.

Sample

Nano-Silica Flexural Strength (MPa)
Improvement of Flexural

Strength (%)

15 nm
Nanoparticle

80 nm
Nanoparticle

7 Days 28 Days 90 Days 7 Days 28 Days 90 Days

C0
(control) 0 0 4 4.2 4.5 0 0 0

N1 0.5 0.5 4.4 4.5 5 10.0 7.1 11.1
N2 0.5 1 4.6 4.9 5.3 15.0 16.7 17.8
N3 0.5 1.5 5.1 5.2 5.7 27.5 23.8 26.7
N4 0.5 2 5.4 5.6 6 35.0 33.3 33.3
N5 1 0.5 4.6 5.1 5.4 15.0 21.4 20.0
N6 1 1 5.3 5.5 5.9 32.5 31.0 31.1
N7 1 1.5 5.5 5.8 6.3 37.5 38.1 40.0
N8 1 2 5.9 6.2 6.7 47.5 47.6 48.9
N9 1.5 0.5 5.4 5.7 6.1 35.0 35.7 35.6

N10 1.5 1 5.6 6 6.6 40.0 42.9 46.7
N11 1.5 1.5 6.2 6.5 7 55.0 54.8 55.6
N12 1.5 2 6.5 6.8 7.3 62.5 61.9 62.2
N13 2 0.5 5.8 6.2 6.8 45.0 47.6 51.1
N14 2 1 6.5 6.7 7.2 62.5 59.5 60.0
N15 2 1.5 7 7.3 7.8 75.0 73.8 73.3
N16 2 2 6.8 7 7.2 70.0 66.7 60.0

Mohammed et al. [88] evaluated the influence on the properties of concrete due to the nano-silica
inclusion. This nano-silica incorporation caused a reduction of 13% in the pore amount of the
cementitious paste. They studied the relationships that improved the compression strength of the
concrete. The workability was modified negatively, which was not affected with the incorporation
of superplasticizer to the concrete paste. When the nano-silica inclusion was increased in the
experimentation, the permeability and infiltration rate were reduced based on the SEM results.

The incorporation of nano-silica optimal dosage in concrete samples may improve their
compressive, tensile and flexural strength. The nano-silica added in cement with other materials such
as polypropylene, glass and steel fibers with fixed proportions can increase the mechanical properties
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of the concrete. Concretes with nano-silica absorbed Ca(OH)2 crystals, filling the voids of the C–S–H
structure, leading to a denser microstructure.

2.2. Nano-Ferric Oxide (Nano-Fe2O3)

The optimal addition of nano-Fe2O3 in concrete specimens may improve their compressive
strength. In addition, the volume electrical resistance of cement mortars with inclusion of nano-Fe2O3

can be altered through the applied load, allowing the measure of compressive stress [73]. It can be
used for structural heath monitoring of concrete structures without require additional sensors.

Fang et al. [89] measured the mechanical properties of cement samples with different additions of
nano-Fe2O3 (3%, 5% and 10% by cement weight) at ages of 7, 14 and 28 days. Figure 8 shows the SEM
image of cement specimens with different additions of nano-Fe2O3. When the nano-Fe2O3 content
increases then the surface morphology is denser. For all the measurements, the addition of nano-Fe2O3

in cement mortars increased their compressive strength compared to control mortar. Maximum values
of the compressive strength of the cement samples were achieved using 10% of nano-Fe2O3 content.
For this nano-Fe2O3 dosage at curing ages of 7, 14 and 28 days, the compressive strength of the cement
mortar was increased up to 66.81%, 69.76% and 25.20%, respectively.

Figure 8. SEM image of concrete specimens with addition of nano-Fe2O3 (a) 0%; (b) 3%; (c) 5%; (d) 10%.
Reprinted with permission from [89]. Copyright©2018, Atlantis Press.

Rashad [90] presented a review the effects of nano-Fe2O3, nano-Al2O3, nano-Fe3O4 and nanoclay on
some properties of cement composites. These properties were the mechanical strength, hydration heat,
water absorption, workability, setting time and durability. For instance, the inclusion of nano-Fe2O3 in
the cementitious matrix decreased the water absorption and heat rate values as well as accelerated the
peak times. Moreover, the workability of the composite was reduced when the nano-Fe2O3 content
was increased. On the other hand, nano-Fe2O3 (0.5%–5% in concretes and 0.5%–10% in mortars) added
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into the cementitious matrix improved the compressive strength. Nazari et al. [91] also studied the
workability of concrete including nano-Fe2O3. For this case, cement was partially substituted with
nano-Fe2O3 (i.e., 0%, 0.5%, 1%, 1.5% and 2% by cement weight) and a water to binder ratio of 0.4
was employed. The workability of concrete is decreased when the nano-Fe2O3 dosage is increased.
In addition, Nazari and Riahi [92] developed two models using genetic programming and artificial
neural networks to predict the percentage of water absorption and split tensile strength of concrete
samples containing nano-Fe2O3.

Khoshakhlagh et al. [93] studied the changes of the concrete properties achieved by adding
different percentages (1%–5% by cement weight) of nano-Fe2O3 and superplasticizer. The flexural,
compressive and tensile strength, and the water permeability of the concrete specimens were improved
with the incorporation of nano-Fe2O3 up to 4% by cement weight. The content of nano-Fe2O3 up
to 4wt.% of the concrete specimens increased the coefficient of water absorption. The concrete
specimens with nano-Fe2O3 enhanced their hydration heat, workability and the compressive, flexural
and tensile strength.

2.3. Nano-Titanium Oxide (Nano-TiO2)

The addition of nano-TiO2 in concrete specimens can provide self-cleaning properties to the
concrete. The concrete containing these nanoparticles can allow a photocatalytic degradation of
pollutants (e.g., VOCs, CO, NOx, aldehydes and chlorophenols) from industrial and automobile
emissions. However, this effect is less efficient with aging due to carbonatation [94,95].

Figure 9. Cont.

91



Materials 2019, 12, 3548

Figure 9. Examples of photocatalytic cement-based coatings that contain TiO2 thin film: (a) parking lot
view (Phoenix, AZ, USA) and (b) bike lane (Brooklyn, NY, USA). Reprinted with permission from [23].
Copyright©2016, Higher Education Press and Springer-Verlag Berlin/Heidelberg.

Figure 9 depicts two applications of photocatalytic cement-based coatings, which allows a
self-cleaning effect in function the decomposition of gases and organic pollutions [23]. This is due
to a TiO2 thin film on the concrete surface that can provide active oxygen under UV light present
in sunlight. Thus, it catalyzes the degradation of organic matters located at the nano-TiO2 coated
concrete surface [27]. The concrete surface is cleaned with the rainwater, which can prevent the
buildup of dirt. Another important characteristic of nano-TiO2 is the chemical stability and low
price in comparison with other materials. Moreover, nano-TiO2 can enhance the resistance to water
permeability of cement-based structures [25]. Figure 10 depicts the SEM image of fracture surfaces
of cementitious composites considering two sizes of nano-TiO2 [96]. Wang et al. [97] investigated
the mechanical and physical properties of cement mortar specimens considering different contents of
nano-TiO2 under curing temperatures of 0, 5, 10 and 20 ◦C. They used natural river sand, Portland
cement (type I ordinary), and TiO2 nanoparticles with size of 15 nm. In the experimental tests were
used nano-TiO2 dosages of 1%, 2%, 3%, 4% and 5% by cement weight, respectively. In the fabrication
of the specimens, the nano-TiO2 was dispersed in water through ultrasonication. After, cement and
sand are mixed during 1 minute. Then, the well-dispersed nano-TiO2 was added and mixed during
60 seconds and after water was incorporated. In the following stage, the mortars are collocated into
molds and cured using different temperatures. For the specimens were used a water to binder ratio of
0.5. Figure 11 depicts the SEM images of cement pastes including 2 wt.% nano-TiO2, at curing age
of 28 days under different temperatures. The compressive strength characterization is determined
according to ASTM C109 [98] employing a hydraulic testing machine under a controlled load of
1350 N/s. The flexural strength test was evaluated regarding the ASTM C293 [99]. This characterization
is determined at curing ages of 3, 7, 28 and 56 days. Figure 11 depicts the results of the hydration
degree of the mortar specimens. First, hydration degree of the mortar specimens enhanced through the
increment of the nano-TiO2 dosage. TiO2 nanoparticles can supply an extra space for the precipitation
of hydration products. Figures 12 and 13 depict the response of the compressive and flexural strength
of the cement mortar samples. Both compressive and flexural strength registered downward trend
at low curing temperature. On contrary, flexural and compressive strength of mortar specimens
containing nano-TiO2 had fast increment with respect to ordinary mortar until that the nano-TiO2

content achieved up to 2 wt.%. This increase slowed down for TiO2 nanoparticles dosages higher than
2 wt.%. The enhanced strength of mortar samples is caused by TiO2 nanoparticles that facilitated the
cement hydration and filled the pores in C–S–H gels [97]. These nanoparticles present large surface
area to volume ratio, allowing an extra surface area to precipitate hydration products. In addition,
TiO2 nanoparticles form a bond between them self and C–S–H gel that improves their strength [97].
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Figure 10. SEM image of the fracture surfaces considering: (a) control cementitious composites (1200×);
(b) nano-TiO2 (50 nm size) modified cementitious composites (1200×); (c) nano-TiO2 (500 nm size)
modified cementitious composites (1200×); (d) aggregations of nano-TiO2 (50 nm size) in cementitious
composites (1200×). Reprinted with permission from [96]. Copyright©2019, Elsevier B.V.

Feng et al. [100] examined the microstructures of concrete matrices incorporating nano-TiO2 as
well as the mechanical properties of the cement pastes. Figure 14 is a SEM image of TiO2 nanoparticles
and their selected area electron diffraction. The incorporation of nano-TiO2 (0.1%, 0.5%, 1.0% and 1.5%
by cement weight) in cement paste using a water-cement ratio of 0.4 improved the flexural strength
(4.52%, 8.00%, 8.26% and 6.71%) at 28 days age.

Jalal et al. [101] studied the characteristics of high resistance self-compacting concrete containing
fly ash and nano-TiO2. They used Portland cement that was replaced up to 15% weight of waste ash
and up to 5% weight of nano-TiO2. The addition of nano-TiO2 in the concrete improved the consistency
and reduced the segregation probability. Considering the water absorption and capillarity, a significant
decrease was obtained due to the nano-TiO2.
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Figure 11. SEM images of cement samples with addition of 2 wt.% nano-TiO2 cured under temperatures
of (a) 0 ◦C, (b) 5 ◦C, (c) 10 ◦C, and (d) 20 ◦C at 28 days. Reprinted with permission from [97].
Copyright©2018, Hindawi.

The weight losses in concrete samples were caused by the rapid formation of hydrated products.
The self-compacting concrete with nano-TiO2 registered a microstructure more refined, which enhanced
the resistance to mechanic failures. Other researchers, Yu et al. [102] reported the improvement of
concrete microstructure incorporating nano-TiO2, which increased its mechanical strength. The TiO2

nanoparticles catalyze the decomposition of harmful gases in the air. In addition, the concrete with
nano-TiO2 achieved a maximum compressive strength that was 7% higher in comparison with the
non-added nanoparticle concrete. In addition, Yu et al. [102] investigated the changes of temperatures
that can induce cracks and accelerate the hydration reaction.

Chunping et al. [103] investigated the durability of ultra-high performance concrete due to
the incorporation of nano-TiO2. This concrete added with 1% nano-TiO2 improved its mechanical
properties. They investigated the effects on the dry shrinkage, carbonation resistance, freeze-thaw
resistance and resistance to chloride ingress. The addition of nano-TiO2 in concrete could allow it
a self-cleaning and photocatalytic behavior. In addition, the normal concrete containing nano-TiO2

could decrease the capillary porosity.
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Figure 12. Compressive strength of cement mortar samples incorporating different nano-TiO2 dosages.
Reprinted with permission from [97]. Copyright©2018, Hindawi.

Figure 13. Flexural strength of cement mortar samples containing different nano-TiO2 dosages.
Reprinted with permission from [97]. Copyright©2018, Hindawi.

95



Materials 2019, 12, 3548

Figure 14. TEM image of the morphology of the TiO2 nanoparticles and their selected area electron
diffraction (SAED). Reprinted with permission from [100]. Copyright©2013, American Chemical Society.

2.4. Nano-Alumina (Al2O3)

The use of nano-Al2O3 can accelerate the formation process of C–S–H gel, especially at early-ages,
which enhances the strength of composites [104]. For instance, Muzenski et al. [50] fabricated
ultra-high strength cement-based materials using Al2O3 nanofibers with a content of 0.25% by weight
of cementitious materials, which improved the compressive strength up to 200 MPa. This represents an
increment of 30% in comparison to material strength with only 1% of silica fume. This high compressive
strength was achieved with low amount of silica fume. This improved performance is caused by the
nanofibers that act as a seed to generate hydration products and contribute the reinforcement for the
C–S–H formations, which decrease the number of micro-cracks. In addition, to reach the maximum
mechanical performance of the cement-based materials is necessary a suitable dispersion of the Al2O3

nanofibers. A longer dispersion time could reduce the fibers agglomeration, allowing the enhance
of mechanical performance. For instance, the compressive strength at 28 days age achieved higher
values for specimens with Al2O3 nanofibers dispersed for 3 h. Nevertheless, higher quantities of
Al2O3 nanofibers and supplementary cementitious materials did not increase the mechanical behavior
of the cement-based materials. Figure 15a,b depicts SEM images of the Al2O3 nanofibers diluted in
cement pastes.

Figure 15. SEM image of the Al2O3 nanofibers diluted in cement pastes at (a) 9000×magnification and
(b) 20,000×magnification. Reprinted with permission from [50]. Copyright© 2019, Elsevier B.V.
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Yang et al. [105] investigated the effect of nano-Al2O3 on the chloride-binding capacity of cement
paste samples. These samples were prepared with nano-Al2O3 dosages of 0.5%, 1.0%, 3.0% and
5%. The chloride-binding capacity was examined using conventional equilibrium tests, in which the
samples were exposed with a NaCl solution at 0.05 mol/L, 0.1 mol/L, 0.3 mol/L, 0.5 mol/L and 1.0 mol/L,
respectively. Based on the experimental results, the bound chloride content had an increase of 37.2% at
NaCl solution (0.05 mol/L) by adding 5.0% of nano-Al2O3. Thus, an appropriate adding of nano-Al2O3

improved the chloride-binding of cement paste samples.
Mohseni at al. [106] studied the effects of nano-alumina and rice husk ash (RHA) in polypropylene

fiber (PPF)-reinforced cement mortars. The RHA is an agricultural waste material, which can be recycled
to obtain economic and environmental benefits. Figure 16 shows the SEM images of nano-alumina
and RHA. The compressive strength of the mortar samples is increased up to 18% and 20% due to
the addition of 3% nano-Al2O3 with 20% RHA at 28 and 90 days. The flexural strength of the mortar
samples increased up to 34% and 41% by adding 3% nano-Al2O3 with 10% RHA. This addition of
nano-Al2O3 generated a denser microstructure in the mortar samples.

Figure 16. SEM image of the (a) nano-Al2O3 and (b) rice husk ash. Reprinted with permission
from [106]. Copyright© 2016, Elsevier B.V.

Barbhuiya et al. [107] examined the influence of the incorporation of nano-Al2O3 on the
microstructural properties of the cement paste hydrated at 7 days age. Ordinary Portland cement is
substituted with nano-Al2O3 powder with 2% and 4% by cement weight and the water-cement ratio is
fixed to 0.4. In this early-age, they did not note changes at the compressive strength of the cement
specimen at early age.

Based on the XRD analysis, Barbhuiya et al. [107] did not find a new crystalline phase developed
by adding nano-Al2O3 within 7 days of curing. They reported the generation of dense microstructure
with larger crystal of portlandite within the cement matrix due to the nano-Al2O3 addition, as shown in
Figures 17 and 18. Gowda et al. [108] reported the influence of nano-Al2O3 in the water absorption and
electrical resistivity of cement mortars. They used 1%, 3% and 5% of nano-Al2O3 by cement weight.
The water absorption had a small reduction with the addition of 1% and 3% nano-Al2O3. However,
the water absorption registered a small increment with the addition of 5% nano-Al2O3. The highest
electrical resistivity of the cement mortar is achieved with 5% nano-Al2O3.
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Figure 17. SEM image of 2% nano-Al2O3 by weight of cement paste hydrated up to 7 days. Reprinted
with permission from [107]. Copyright© 2014, Elsevier Ltd.

Figure 18. SEM image of 4% nano-Al2O3 by weight of cement paste hydrated up to 7 days. Reprinted
with permission from [107]. Copyright© 2014, Elsevier B.V.

2.5. Carbon Nanotubes (CNTs)

Recently, several researchers [109–123] have reported the effects of CNTs on the electrical and
mechanical properties of concrete samples. For instance, CNTs can decrease the formation and growth
of micro-cracks in concrete. The CNTs have important mechanical and electrical properties, including
their high strength and high conductivity. For instance, CNTs have high mechanical performance
with high aspect ratios (length to diameter ratio) that may generate stronger cement composites [27].
The CNTs cement-based composites have strain-sensing behavior that can measure their electrical
parameters under applied loads [124]. This behavior can allow the development of strain-sensing
systems of concrete structures for potential applications of damage detection and structural health
monitoring [75,125].

García-Macías et al. [124] developed a micromechanics model to determine the piezoresistive
behavior of cement-based nanocomposites incorporating CNTs and considering the waviness and
non-uniform distributions of nanoinclusions. In order to validate the theoretical model, they tested
cement-based samples that were doped with multi-walled CNTs (MWCNTS) and exposed to uniaxial
compression. These samples were fabricated of concrete, mortar and composite cement paste. Figure 19
depicts the SEM pictures of the MWCNTs dispersion in water solution after sonication and in a cement
mortar sample. For the compression loads on the MWCNTs reinforced cement-based composites,
they used an equipment of servo-controlled pneumatic universal testing with load capacity of 14 kN,
as shown in Figure 20a,b. For the cement paste, mortar and concrete samples are incorporated
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MWCNTs with electrical conductivity between 101 and 104 S/m. Figure 21a–c illustrates the response
of the electrical conductivity of different cement-based composites using the theoretical model and
experimental setup. The cement paste, mortar and concrete specimens used filler concentrations of
1%, 0.75% and 0.75% by cement weight. The proposed analytical model may predict the electrical
resistance performance of MWCNTs reinforced cement-based materials under compression loads.
Ruan et al. [118] reported the influence of different types and dosages of MWCNTs on the mechanical
properties of RPC under water or heat curing. They fabricated RPC including four types of MWCNTs
with dosages of 0%, 0.25% and 0.50% with water/heat curing, respectively. The mechanical performance
of the MWCNTs filled RFC specimens were examined. This mechanical performance considered
the flexural strength, fracture energy, compressive/ toughness and flexural strength to compressive
strength ratio. The fabrication of the RPC specimens included MWCNTs, water, water reducer, fly ash,
quartz sand, cement and silica fume. The cement, silica fume and quartz sand ratio was 1:0.25:1.1.
In addition, 20% of cement was substituted by fly ash to enhance the mobility of the mixtures and
decrease the cement amount. The four types of MWCNTs used were classified as T1 (functionalized
MWCNTs with carboxyl groups), T2 (functionalized MWCNTs with hydroxyl groups), T3 (helical
MWCNTs through catalytic cracking) and T4 (nickel-coated MWCNTs).

Figure 19. SEM images of the MWCNTs dispersion in (a) water suspensions after sonication and (b) in
a mortar specimen after curing. Reprinted with permission from [124]. Copyright© 2017, Elsevier B.V.

Figure 20. (a) Compression load versus time and (b) uniaxial testing machine used in the MWCNTs
reinforced cement-based specimens. Reprinted with permission from [124]. Copyright© 2017,
Elsevier B.V.
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Figure 21. Results of the theoretical and experimental electrical resistance versus applied mechanical
strain for (a) cement paste, (b) mortar and (c) concrete samples. Reprinted with permission from [124].
Copyright© 2017, Elsevier B.V.

Figure 22 illustrates the flexural strengths of the MWCNTs filled RPC under water curing.
With exception of the specimen filled with 0.5% MWCNTs dosage of T3, all the others specimens filled
with dosages of 0.25% and 0.50% MWCNTs showed enhanced flexural strength. The specimen T2
with 0.25% MWCNTs content had the maximum increase (27.2%) of the flexural strength. However,
the specimen with 0.50% MWCNTs content registered a decrease (3.8%) of the flexural strength. For the
specimens T1, T2 and T3, the flexural strength had better results for low dosage of MWCNTs than
that by high dosage of MWCNTs. In addition, the incorporation of the four types of MWCNTs with
dosages of 0.25% and 0.50% improved the compressive strength of the RPC specimens under water
curing. The compressive strength increased 18.1% with the incorporation of 0.50% MWCNTs content,
compared with the RPC without MWCNTs. The dosage of MWCNTs improved the compressive
toughness of all the RPC specimens with water curing, as shown Figure 23. The highest compressive
toughness was measured in the specimen T2 with 0.25% MWCNTs content, which represented an
increase of 39.2% in comparison to the RPC without MWCNTs. Figure 24a,b depicts SEM images of the
wide distribution network of MWCNTs in RPC, which can improve the mechanical properties of RPC.

Figure 22. Flexural strengths of the MWCNTs reinforced RPC specimens under water curing. Reprinted
with permission from [118]. Copyright© 2018, Elsevier B.V.
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Figure 23. Compressive strengths of the MWCNTs reinforced RPC specimens under water curing.
Reprinted with permission from [118]. Copyright© 2018, Elsevier B.V.

Figure 24. (a,b) SEM images of the extensive distribution of MWCNTs in RPC. Reprinted with
permission from [118]. Copyright© 2018, Elsevier B.V.

Lushnikova and Zaoui [120] studied the effect of different types of CNTs incorporated into
cement specimens. They used molecular dynamics simulations to determine the influence of CNTs
on the mechanical properties of C–S–H such as shear modulus, bulk modulus, elastic constants
and Poisson ratio. The results of these simulations registered an improvement of all the studied
mechanical properties. Thus, the CNTs are nanomaterials that could enhance the mechanical properties
of concrete. Moreover, Sedaghatdoost and Behfarnia [121] examined the influence on the mechanical
properties of the Portland cement caused by addition of MWCNTs at the ratios between 0 and 0.15%
by weight of cement specimens. These specimens were heated using high temperatures (200–800 ◦C).
The incorporation of 0.1% MWCNT by cement weight improved the compressive, tensile and flexural
strength by 35%, 8%, and 11.2%, respectively. In addition, the cement paste was more stable and denser
due to the addition of MWCNT. Also, Hawreen and Bogas [122] studied the effects on the long-term
creep and shrinkage of concrete due to the incorporation of different types of CNTs. They used
concretes with 0.05%–0.5% of unfunctionalized and functionalized CNTs and water to cement ratios of
0.35–0.55. The compressive strength of the concrete with CNTs was increased up to 21%. The addition
of CNTs caused a reduction in the early and long-term shrinkage of concrete up to 54% and 15%,
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respectively. The concrete with addition of CNTs had 17%–18% lower long-term creep in comparison
to the concrete without CNTs. Carbon nanotubes are innovative materials for the construction industry
that can decrease the formation of nano-cracks. Moreover, the inclusion of CNTs in concrete may
increase the compressive and flexural strength of the concrete.

2.6. Graphene-Based Nanomaterials

Recent studies [126–147] have examined the performance of cement-based materials incorporating
graphene family nanomaterials (GFN) such as graphene, graphene oxide (GO), reduced graphene
oxide (rGO), and graphene nanosheets (GNS). These nanomaterials have extraordinary electrical,
mechanical, chemical and thermal properties. Thus, GFN reinforced cement-based materials can
improve their structural strength and durability, as well as allow self-cleaning surfaces and self-sensing
abilities [148–158].

Hu et al. [158] fabricated cement composite including nano-silica coated GO, which enhanced its
mechanical properties. The compressive strengths of cement composites containing GO and nano-silica
coated GO were studied at curing ages of 1, 3, 7 and 28 days. The nano-silica coated GO reinforced
cement composites increased their compressive strength up to 120.6%, 124.1%, 126.7% and 133%
compared to plain cement with curing ages of 1, 3, 7 and 28 days, respectively. For the GO reinforced
cement composites without nano-silica, their compressive strengths improved up to 106.0%, 106.7%,
112.2% and 113.6% with respect to plain cement at curing time of 1 day, 3 days, 7 days and 28 days.
The coated nano-silica on GO allowed a finer surface structure and better dispersion, which helped
to eliminate the agglomeration of GO in pore solution. The nano-silica coated GO promoted the
deposition and growth of C–S–H, refining the cement composite microstructure and improving their
macro-mechanical properties. Moreover, Hu et al. [159] functionalized GO via triethanolamine (TEA),
which was added into oil well cement (OWC) to enhance its mechanical behavior. The incorporation
of TEA-GO and GO was at 0.3 wt.%, keeping a fixed water-to-cement ratio of 0.44. First, they
mixed GO/TEA-GO power with water and after added cement within 15 s. In the second stage, the
cement was collocated in the cup of Waring blender at 4000 rpm and after was mixing during 15 s
at 120,000 rpm. Finally, the cement composites are cured at 60 ◦C for 1, 3, 7 and 28 days. Both GO
and TEA-GO had good dispersion in water; although, TEA-GO with smaller size reported better
uniformity. The TEA-GO incorporated to cement allows nucleation sites and acts as seeds to provide
the cement hydration. In order to evalue the influence of GO/TEA-GO on the mechanical properties of
cement composite, compressive and flexural strength were obtained through mechanical hydraulic
pressure testing machine. For the compressive strength tests, the TEA-GO reinforced samples (50.8
× 50.8 × 50.8 mm3) were characterized a loading rate of 1.2 KN/s. On the other hand, the flexural
strength tests used TEA-GO reinforced samples (160 × 40 × 40 mm3) under a loading rate of 0.2 KN/s.
Figure 25 illustrates the average compressive and flexural strengths of GO and TEA-GO reinforced
cement samples. The TEA-GO reinforced cement samples presented higher increments (9.4%–31%) of
the compressive strength than that of GO reinforced cement (4.1%–17.2% ). This is due to that TEA-GO
modified cement provides crystals more mature and fewer pores and cracks compared to blank cement
and GO reinforced cement samples (see Figure 26). Therefore, the TEA-GO significantly refines the
microstructure of cement specimens. On the contrary, the TEA-GO reinforced cement samples achieved
the higher increments (8.1%–36.7%) with respect to those of cement incorporating GO (7.8%–20%).
The TEA-GO enhanced the mechanical performance of cement due to the increment of hydration
degree and limitation to crack propagation. Figure 27 depicts SEM images of the cracks types in three
different OWC composites. In the blank cement sample, the cracks penetrate in a straight-through form.
For GO reinforced cement sample, the cracks are thinner with random branches. Finally, the cement
containing TEA-GO registers fewer cracks with thinner dimensions.
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Figure 25. Response of the (a) compressive and (b) flexural strength of OWC composites containing
GO and TEA-GO. Reprinted with permission from [159]. Copyright© 2019, Elsevier B.V.

Figure 26. SEM image of the (a) blank OWC sample, (b) GO reinforced OWC specimen and (c) TEA-GO
reinforced OWC specimen after compressive strength test at age 28 days. Reprinted with permission
from [159]. Copyright© 2019, Elsevier B.V.

Figure 27. SEM images of the (a) plain OWC matrix including a straight-through crack, (b) GO/OWC
specimen containing fine cracks and (c) TEA-GO/OWC specimen. Reprinted with permission from [159].
Copyright© 2019, Elsevier B.V.

Tao et al. [160] investigated the influence of graphene nanoplatelets (GNPs) on the microstructure,
pore structure, piezoresistive and mechanical behavior of cement mortar. They quantitatively examined
the piezoresistive performance of GNP-reinforced cement mortars exposed to cyclic compressive loads.
A PI 42.5 cement is used as binder and natural quartz sands are employed as aggregates. Different
dosages (M0 = 0%, M1 = 0.05%, M2 = 0.1%, M3 = 0.5% and M4 = 1%) of GNPs by cement weight
were incorporated in cement matrix. The compressive and flexural strength of the GNP-reinforced
cement mortars were characterized through a 25 KN high-performance fatigue testing machine. For the
compressive and flexural tests were employed loading rates of 144 kN/min and 3 kN/min, respectively.
The four-probe method is employed to measure the piezoresistive properties of the cement mortars
including GNPs. The cement mortars are dried at 80 ◦C during 24 h to eliminate the capillary water,
which affects the piezoresistive response [161]. Figure 28 illustrates the fracture surfaces of cement
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mortars containing different GNPs dosages. Later, the cement mortars specimens, regarding the
probes and cables, are examined using the mechanical testing machine (see Figure 29). First, the initial
resistance of the specimens is determined at stable voltage. Then, the external loads are applied to
specimens using constant loading rate of 0.5 kN/s and the piezoresistive properties are obtained through
an Instron actuator. Figure 30 depicts the compressive and flexural strengths of the cement mortars.
Both strengths firstly increment their values and after decrease when the GNP dosage increases.

Figure 28. SEM images of the cement mortars added with different GNP content: (a) M0 (0%), (b) M1
(0.05%), (c) M2 (0.1%), (d) M3 (0.5) and (e) M4 (1%). Reprinted with permission from [160]. Copyright©
2019, Elsevier B.V.

Figure 29. Measurement setup of piezoresistive test of the GNP-added cement mortars under cyclic
compressions. Reprinted with permission from [160]. Copyright© 2019, Elsevier B.V.
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Figure 30. Experimental results of the (a) compressive and (b) flexural strengths of the GNP reinforced
cement mortars. Reprinted with permission from [160]. Copyright© 2019, Elsevier B.V.

Higher magnitudes of compressive and flexural strengths (53.6 MPa and 8.9 MPa, respectively)
are reached in the cement mortar with GNP dosage of 0.25% (M1) by cement weight. These values
represent increments of 8.3% and 15.6% compared with the compressive and flexural strengths of the
cement mortar without GNP. However, the values of both strengths decrease when the GNP dosages
exceed 0.05%. Thus, cement hydrates with homogeneous spatial distribution could be obtained with
appropriate values of GNPs dispersed in cement matrix.

Qureshi and Panesar [162] characterized the influence of GO and rGO on the performance of
cement-based composite. They investigated the microstructural properties of GO and rGO using X-ray
diffraction (XRD), optical microscope, Fourier-transform infrared spectroscopy (FTIR), SEM, Energy
dispersive X-ray (EDS) and Raman spectroscopy techniques. The average C:O ratio of 54.46 and 82.18 in
GO and rGO, respectively, were employed in the cement-based materials. To enhance the dispersibility
of rGO in water, rGO was processed with superplasticizer. The dosages of both GO and rGO were of
0.02%, 0.04% and 0.06% of cement weight. To reach uniform mixture and efficient dispersion of both
GO and rGO in the cement specimens, a water to cement ratio of 0.45 is implemented. In comparison
with the control cement sample without GO and rGO, the final setting time and workability of GO
reinforced cement specimens gradually decreased using higher GO content up to 0.06% of cement
weight. This is caused by the dominant oxygen functional groups and hydrophilic behavior of GO.
On the other hand, final setting time and workability of rGO-added cement specimens increased
with respect to the control cement sample. It is due to the superplasticizer content and the almost
hydrophobic behavior of rGO. The GO composites had greater dosage of C–S–H and Ca(OH)2 than
the rGO composites at ages of 1, 7 and 28 days. In addition, the GO composites showed micropores
filled with crystalline compounds and C–S–H gel. For the rGO composites was found random pore
filling nature with ettringite elements. Figure 31 depicts the SEM-EDX results of the microstructure
of GO composite pores. Based on the EDX and SEM results of GO and rGO, these nanomaterials
present suitable compatibility with cement hydration products, reinforcing the microstructure of the
cement composites. Figure 32 depicts the response of the flexural strength and compressive of cement
specimens added with GO and rGO at curing age of 28 days. In comparison to control cement sample,
cement composites incorporated with 0.02%, 0.04% and 0.06% GO and rGO dosages had an increase of
10.2%, 7.8% and 10.6 %, and 9.6%, 13.3% and 14.9%, respectively. This is due to the high number of
functional groups of GO in chemical bonding with cement hydration products and the high mechanical
strength of rGO.
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Figure 31. SEM-EDX results of the microstructure of GO composite pores in: (a) 0.06% GO composite,
(b) amplification of (a) showing a surface growth nature of ettringite and flakes structures, (c) a small
pore of 0.02% GO and (d) a small pore of 0.04% GO. Reprinted with permission from [162]. Copyright©
2019, Elsevier B.V.

Figure 32. Experimental response of the (a) compressive and (b) flexural strength of GO and rGO
reinforced cement specimens at curing age of 28 days. Reprinted with permission from [162].
Copyright© 2019, Elsevier B.V.

Krystet et al. [163] studied the mechanical properties and microstructure of cementitious materials
with addition of electrochemically exfoliated graphene (EEG). EEG enhanced the mechanical properties,
microstructure and workability of cementitious materials. EEG did not provide aggregate in alkaline
environment and the cement mortars incorporating EEG did not decrease its workability and fluidity.
The mixture of 0.05 wt.% of graphene with ordinary Portland cement improved the compressive
and tensile strength of the cement material up to 79% and 8%, respectively. EEG contributes to
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hydration reactions of calcium silicates, allowing an intense generation of C–S–H phase and a
compact microstructure.

Kaur and Kothiyal [164] compared the effect of polycarboxylate superplasticizer (PCE-SP) added
GO and functionalized CNT (SP@GO and SP@FCNT) on the mechanical properties of cement
nanocomposites (CNCs). They used two types of SPs to alter the GO and FCNTs structural features, and
to enhance the dispersion of these nanomaterials in aqueous solution and cement matrix. The stabilized
GO and FCNT allowed to enhance the mechanical strength of the CNC specimens. After, they fabricated
three cubes of CNC specimens (70.6 mm × 70.6 mm × 70.6 mm3) containing SP@GO and SP@FCNT
with different dosages (i.e., 0.02%, 0.04%, 0.08% and 0.16% by cement weight). These specimens were
water curing at ages of 7, 14 and 28 days to characterize their mechanical strength. The mechanical
tests were done using universal testing machine, applying load at the rate of 3.8 kN/s and 0.5 kN/s,
respectively. Figures 33 and 34 show the measurements of average compressive and flexural strength of
the SP@GO and SP@FCNT modified CNC specimens. With respect to cement specimen, the maximum
values of compressive and tensile strengths of CNC specimens were improved up to 23.2% and 38.5%
due to addition of 0.02% and 0.08% SP@GO by cement weight, respectively. On the other hand,
addition of 0.08% and 0.04% of SP@FCNT by cement weight enhanced the compressive and tensile
strengths of the CNC specimens by 16.5% and 35.8%, respectively. Figure 35 depicts FE-SEM images of
CNC specimens containing different SP@GO dosages.

Figure 33. Experimental results of the (a) compressive and (b) flexural strength of SP@GO modified
CNC specimens at curing ages of 7, 14 and 28 days. Reprinted with permission from [164]. Copyright©
2019, Elsevier B.V.
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Figure 34. Experimental results of the (a) compressive and (b) flexural strength of SP@FCNT modified
CNC specimens at curing ages of 7, 14 and 28 days. Reprinted with permission from [164]. Copyright©
2019, Elsevier B.V.

Figure 35. FE-SEM images of CNC specimens incorporating (a) 0.02% SP@GO, (b) 0.04% SP@GO,
(c) 0.08% SP@GO and (d) 0.16% SP@GO at curing age of 28 days. Reprinted with permission from [164].
Copyright© 2019, Elsevier B.V.

The addition of graphene family nanomaterials in cement composites can enhance their mechanical
strength. This will allow the construction of lighter concrete components with extended durability,
thus, the consumption of concrete components could be decreased. This will help with the reduction
of the gas pollutants resulting from concrete production.

3. Challenges

The nanotechnology has allowed the fabrication of nanomaterials that can be incorporated in
cement-based materials to generate higher mechanical properties of the concrete structures. The effect
of the nanomaterials on the performance of cement-based materials includes the enhance of their
compressive, tensile and flexural strength, reduction of the total porosity (i.e., refinement of the
microstructure), acceleration of C–S–H gel generation and increment of Young modulus. Furthermore,
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incorporation of nanomaterials such as nano-TiO2 and CNTs can provide self-cleaning and self-sensing
properties, respectively, of the products obtained with cement-based materials. To achieve the optimal
mechanical properties of the cement-based materials it is very important to mix a suitable dosage of
nanomaterial with the cement-based materials. For instance, excessive quantities of nanomaterials
added to cement can result in lower compressive, tensile and flexural strength of the cement-based
structures. This is caused by nonhomogeneous dispersion of nanomaterials in the cement paste.
Thus, the mechanical properties of the nanomaterial reinforced cement-based materials depend of
several factors such as the dosage and type of nanomaterial, dispersion method, curing days and
curing method. Between these factors, the dispersion method can have a significantly effect on the
performance of the nanomaterial reinforced concrete.

An important challenge for the application of nanomaterials in the construction industry is the
development of efficient methods for the dispersion of nanomaterials in cement samples. An alternative
solution to incorporate the nanomaterial into cement-based materials consists in the dispersion of
the nanomaterial in water before of incorporating it to the dry components of the cement-based
materials [165]. For this case, ultrasonic dispersion can be employed as an effective method for the
dispersion of the nanomaterials, although, this method requires electrical energy that increases its cost.
A bad dispersion of the nanomaterials into cement specimens and the formation of great amount of
agglomerates may alter the kinetics of the hydration process, modifying the properties of the cement
specimens. For instance, Singh et al. [166] reported that the method used to incorporate nano-silica
into cement composites can affect the porosity and mechanical properties of the composites. A bad
nano-silica dispersion in cement-based materials may generate voids and weak zones, altering the
mechanical properties of the materials. Surfactants such plasticizers and superplasticizers can be used
to improve the dispersion of nanomaterials in cement-based materials [51,167,168]. Thus, surface
active agents can enhance the homogeneity of dispersion due to the generation of aggregates around
nanoparticles [169]. This good dispersion is achieved because of both hydrophobic and hydrophilic
groups. The nanomaterials interact with the hydrophobic groups and the hydrophilic groups decrease
the water-surface tension, increasing the dispersion of the nanomaterials [167]. Nevertheless, several
surfactants (e.g., polymeric matrices) employed for the dispersion of nanoparticles can affect the
cement hydration kinetics. Figure 36 depicts a nanomaterial dispersion process employed to obtain a
cement-based composite.

Figure 36. Schematic view of a common nanomaterial dispersion process employed to fabricate a
cement-based composite. Reprinted with permission from [167]. Copyright©2018, MDPI AG.

To develop the large scale production of these modified cement-based materials it will be necessary
to develop an efficient nanomaterial dispersion method that allows a stable and satisfactory dispersion
in cement-based materials [167]. However, the re-agglomeration of the nanoparticles may change their
size, which could affect their behavior of nanomaterials in cement-based materials [170].

The application nanomaterials in cement-based composites is attractive due to that enhances their
mechanical properties only using small dosages of nanomaterials. However, the high cost of these
nanomaterials is a limitation to achieve their commercial application in cementitious materials. In the
case of graphene and graphene oxide, their fabrication scale is small and relatively expensive. In the
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future, an important challenge is the reduction of fabrication costs of the nanomaterials. For instance,
SiO2 nanoparticles may be generated with low cost from hydrothermal solutions generated due the
magmatic ore intrusion [77]. Thus, nano-silica and other minerals can be recovered when the steam is
condensed in water during the operation of a geothermal power plant [77].

Moreover, another challenge is the optimal dosage determination of the nanomaterial added
in the cement paste to obtain the higher mechanical strength and greater durability. To meet this
goal, more studies about the effect of different types of nanomaterials on the mechanical properties
of cement-based materials are required. These studies must include the effect of the combination of
nanomaterials with other cementitious materials. Thus, the optimal quantities of the combination of
these materials must be examined to find the best mechanical behavior of the cement-based materials.
The main challenge of the use of carbon nanotubes (CNTs)/nanofibers in cement paste is the dispersion
due to their strong self-attraction and high hydrophobicity [171,172]. This poor dispersion may
cause defects zones in cement/CNTs composites, which constrain the use of CNTs in cementitious
matrices [27]. Thus, more investigations must be made with respect to developing methods to improve
the dispersion of CNTs in cement-based composites. For example, some researchers [173,174] have
studied chemical and surface modification methods for carbon nanotubes to improve their dispersion
and bonding between carbon nanotubes and the matrix. Other studies [175–177] had examined the
mechanical properties of cement samples, which were prepared with different combinations of carbon
nanotubes and nano-silica. In addition, future researches must consider prediction models of the
relationship between external mechanical deformations and electrical resistivity of cement-based
composites incorporating CNTs.

In addition, the future applications of nanomaterials in the construction industry will require one
to consider the local environmental conditions (e.g., elements of the local environmental dust). These
conditions could damage the performance of the concrete, reducing its durability and increasing the
cost of maintenance. For instance, The Jubilee Church in Rome (2003) was one of the first buildings
that used self-cleaning and reinforced concrete [178–180]. This construction had three iconic shells
constructed from 2001 and 2002, which employed precast panels with photocatalytic nano-TiO2

particles. Thus, the nano-TiO2 particles could absorb energy from light and employ it to achieve
a photocatalytic degradation of pollutions. In 2019, Cardellicchio [179,180] reported a study about
premature evidence of decay of the three shells that showed failure of their self-cleaning performance.
This study considered the material pathologies and their possible damage sources. The surfaces of the
shells still contain nano-TiO2 particles in the form of anatine, which was detected by this study through
chemical analysis. Nonetheless, the self-cleaning properties of the shells with nano-TiO2 are only
activated when both the sunlight allows the redox of pollutant and the photo-induced hydrophilicity
permits the cleaning of the shells [180]. For this case, the hydrophilic characteristic is limited by two
main conditions. One condition is linked with common composition of the pozzolanic powder in
Rome that cannot be oxidized by titanium dioxide. Another condition is the abrasive effect of the
rainwater on the surface of the shells that improves the superficial roughness, increases the bond
between powder particles and concrete [180]. The erosive action occurs on the convex surface, which
was registered by a colorimetric analysis showing a tendency towards whitish-grey hue caused by the
scattering of the sunlight. These two conditions generate a patina which decreases the photocatalytic
effect of the surface of the concrete shells (see Figure 37). The efficiency of the nano-TiO2 particles
incorporated in concrete is affected by the porosity and roughness of the concrete surface. The porosity
of the concrete surface may allow the water retention and its roughness may help the adhesion of
powder on the surface. The chemical and abrasive characteristics of pozzolanic powder may decrease
the efficiency of the self-cleaning of the nano-TiO2 added concrete. Therefore, future buildings that use
concrete with self-cleaning properties may be affected by powder of volcanic origins or precipitations
incorporating desert dust [180].
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Figure 37. View of the damages on the surface of the self-cleaning concrete shells of Jubilee Church
in Rome, which were caused by the local environmental dust. Reprinted with permission from [180].
Copyright©2019, Taylor & Francis Group.

More investigations about new nanomaterials to improve the mechanical properties of
cement-based composites are required. In addition, to achieve the commercial application of these
nanomaterials reinforced cement-based composites is necessary to know the effect of the nanomaterials
on the mechanical properties of these composites. Therefore, future researches must include the
development of novel theoretical models that can predict the mechanical properties of the cement-based
materials as function of dosage level of the nanomaterials. Also, more researches about the impact of the
nanomaterials in the public health and environment must be developed. There are few studies about
the effects of the nanomaterials used in cement-based materials on the public health and environment.
For instance, Lee et al. [181] reported some effects of nanoparticles used in the construction industry
on environment health and safety. Lam et al. [182] presented a review about the carbon nanotube
toxicity, which could produce pulmonary inflammation and cardiac toxicity. Moreover, nano-TiO2

could generate inflammation in mammalian cells [183]. Thus, many researches must be done to reduce
the negative impacts of the nanomaterials on the health and environment. In addition, more studies
about the bioavailability and environment mobility of nanomaterials required to be done [182].

4. Conclusions

The incorporation of nanomaterials in concrete can improve their compressive, tensile and
flexural strength. Recent investigations had considered nanomaterials such as nano-silica, nano-titania,
nano-ferric oxide, nano-alumina, CNT, graphene and GO. The addition of these nanomaterials in
concrete can achieved denser microstructures, decreasing the water absorption. The workability of
the concrete could be improved by adding these nanomaterials. The nano-TiO2 modified concrete
can provide it self-cleaning properties and other benefits to help the environment clean. In addition,
nano-TiO2 added in concrete can allow the photocatalytic degradation of pollutants (e.g.; NOx, VOCs,
CO, chlorophenols, and aldehydes) from automobile and industrial emissions. The CNTs reinforced
cement-based composites can have self-sensing abilities for applications of structural health monitoring
or damage detection. In addition, graphene and GO added in cement-based materials can increase their
mechanical strength and durability, as well as develop self-cleaning surfaces and self-sensing abilities.

In the construction industry, the fabrication of cement-based composites can generate high levels
of CO2 gas. To address this problem, one solution is the addition of nanomaterials to cement-based
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composites, which can provide structural components with high mechanical strength and great
durability. Thus, the maintenance requirements and replacement frequency of the cement-based
structural components can be decreased. These advantages can allow the reduction of the percentage
of cement used in the construction industry. This in turn will decrease the CO2 emissions caused by
the cement fabrication process.

The application of nanotechnology in cement-based materials is still in a research stage. The results
of experimental tests of nanomaterials-reinforced cement specimens have demonstrated that they can
enhance the mechanical strength and durability of the resultng concretes. Moreover, these nanomaterials
can allow a novel generation of smart cement-based composites with strain-sensing abilities for damage
inspection and structural health monitoring.

Author Contributions: K.P.B.-G. and A.H.-M. contributed with the sub-sections of nano-silica, nano-Fe2O3
and nano-Al2O3; J.M.S.-L. supervised all the sections of the manuscript; S.A.Z.-C. reviewed the sections
of introduction and challenges, and A.L.H.-M. wrote the sections of nano-TiO2, carbon nanotubes and
graphene-based nanomaterials.

Funding: This research was supported by the project “PFCE 2019 DES Técnica Veracruz 30MSU0940B-21”.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Aslani, F. Nanoparticles in self-compacting concrete. A review. Mag. Concr. Res. 2015, 67, 1084–1100.
[CrossRef]

2. Kawashima, S.; Hou, P.; Corr, D.J.; Shah, S.P. Modification of cement-based materials with nanoparticles.
Cem. Concr. Compos. 2013, 36, 8–15. [CrossRef]

3. Chuah, S.; Pan, Z.; Sanjayan, J.G.; Wang, C.M.; Duan, W.H. Nano reinforced cement and concrete composites
and new perspective from graphene oxide. Constr. Build. Mater. 2014, 73, 113–124. [CrossRef]

4. Lazaro, A.; Yu, Q.L.; Brouwers, H.J.H. Nanotechnologies for sustainable construction. In Sustainability of
Construction Materials, 2nd ed.; Khatib, J.M., Ed.; Woodhead Publishing: Duxford, UK, 2016; pp. 55–78.
[CrossRef]

5. Hanus, M.J.; Harris, A.T. Nanotechnology innovations for the construction industry. Prog. Mater. Sci. 2013,
58, 1056–1102. [CrossRef]

6. Saleh, H.M.; El-Sheikh, S.M.; Elshereafy, E.E.; Essa, A.K. Performance of cement-slag-titanate nanofibers
composite immobilized radioactive waste solution through frost and flooding events. Constr. Build. Mater.
2019, 223, 221–232. [CrossRef]

7. Jassam, T.H.; Kien-Woh, K.; Yang-Zhi, J.N.; Lau, B.; Yaseer, M.M.M. Novel cement curing technique by
using controlled release of carbon dioxide coupled with nanosilica. Constr. Build. Mater. 2019, 223, 692–704.
[CrossRef]

8. Du, H. Properties of ultra-lightweight cement composites with nano-silica. Constr. Build. Mater. 2019, 199,
696–704. [CrossRef]

9. Xu, J.; Shen, W.; Corr, D.J.; Shan, S.P. Effects of nanosilica on cement grain/C–S–H gel interfacial properties
quantified by modulus mapping and nanoscratch. Mater. Res. Express 2019, 6, 045061. [CrossRef]

10. Evangelista, A.C.J.; de Morais, J.F.; Tam, V.; Soomro, M.; Di Gregorio, L.T.; Haddad, A.N. Evaluation of
Carbon Nanotube Incorporation in Cementitious Composite Materials. Materials 2019, 12, 1504. [CrossRef]

11. Srikanth, M.; Asmatulu, R. Nanotechnology safety in the construction and infrastructure industries.
In Nanotechnology Safety in the Construction and Infrastructure Industries, 1st ed.; Asmatulu, R., Ed.; Elsevier:
Burlington, MA, USA, 2013; pp. 99–1013. [CrossRef]

12. Konsta-Gdoutos, M.S.; Aza, C.A. Self-sensing carbon nanotube (CNT) and nanofiber (CNF) cementitious
composites for teal time damage assessment in smart structures. Cem. Concr. Compos. 2014, 53, 162–169.
[CrossRef]

13. Carriço, A.; Bogas, J.A.; Hawreen, A.; Guedes, M. Durability of multi-walles carbon nanotube reinforced
concrete. Constr. Build. Mater. 2018, 164, 121–133. [CrossRef]

14. Papanikolaou, I.; Arena, N.; Al-Tabbaa, A. Graphene nanoplatelet reinforced concrete for self-sensing
structures—A lifecycle assessment perspective. J. Clean. Prod. 2019, 240, 118202. [CrossRef]

112



Materials 2019, 12, 3548

15. Mahdikhani, M.; Bamshad, O.; Shirvani, M.F. Mechanical properties and durability of concrete specimens
containing nano silica in sulfuric acid rain condition. Constr. Build. Mater. 2018, 167, 929–935. [CrossRef]

16. Zabihi, N.; Ozkul, M.H. The fresh properties of nano silica incorporating polymer-modified cement pastes.
Constr. Build. Mater. 2018, 168, 570–579. [CrossRef]

17. Luo, Z.; Li, W.; Wang, K.; Shah, S.P. Research progress in advanced nanomechanical characterization of
cement-based materials. Cem. Concr. Compos. 2018, 94, 277–295. [CrossRef]

18. Mijowska, E.; Horszczaruk, E.; Sikora, P.; Cendrowski, K. The effect of nanomaterials on thermal resistance
of cement-based composites exposed to elevated temperature. Mater. Today Proc. 2018, 5, 15968–15975.
[CrossRef]

19. Rai, S.; Tiwari, S. Nano Silica in Cement Hydration. Mater. Today Proc. 2018, 5, 9196–9202. [CrossRef]
20. El-Gamal, S.M.A.; Hashem, F.S.; Amin, M.S. Influence of carbon nanotubes, nanosilica and nanometakaolin

on some morphological-mechanical properties of oil well cement pastes subjected to elevated water curing
temperature and regular room air curing temperature. Constr. Build. Mater. 2017, 146, 531–546. [CrossRef]

21. Li, L.G.; Huang, Z.H.; Zhu, J.; Kwan, A.K.H.; Chen, H.Y. Synergistic effects of micro-silica and nano-silica on
strength and microstructure of mortar. Constr. Build. Mater. 2017, 140, 229–238. [CrossRef]

22. Braz de Abreu, G.B.; Marques-Costa, S.M.; Gumieri, A.G.; Fonseca-Calixto, J.M.; França, F.C.; Silva, C.;
Delgado-Quinõnes, A. Mechanical properties and microstructure of high performance concrete containing
stabilized nano-silica. Matéria 2017, 22, e11824. [CrossRef]

23. Sobolev, K. Modern developments related to nanotechnology and nanoengineering of concrete. Front. Struct.
Civ. Eng. 2016, 10, 131–141. [CrossRef]

24. Yang, Q.; Liu, P.; Ge, Z.; Wang, D. Self-Sensing Carbon Nanotube-Cement Composite Material for Structural
Health Monitoring of Pavements. J. Test. Eval. 2020, 48. [CrossRef]

25. Silvestre, J.; Silvestre, N.; de Brito, J. Review on concrete nanotechnology. Eur. J. Environ. Civ. Eng. 2016, 20,
455–485. [CrossRef]

26. Huseien, G.F.; Shah, K.W.; Sam, A.R.M. Sustainability of nanomaterials based self-healing concrete:
An all-inclusive insight. J. Build. Eng. 2019, 23, 155–171. [CrossRef]

27. Singh, N.B.; Kalra, M.; Saxena, S.K. Nanoscience of Cement and Concrete. Mater. Today Proc. 2017, 4,
5478–5487. [CrossRef]

28. Sikora, P.; Horszczaruk, E.; Cendrowski, K.; Mijowska, E. The influence of nano-Fe3O4 on the microstructure
and mechanical properties of cementitious composites. Nanoscale Res. Lett. 2016, 11, 182. [CrossRef]

29. An, J.; Nam, B.H.; Alharbi, Y.; Cho, B.H.; Khawaji, M. Edge-oxidized graphene oxide (EOGO) in cement
composites: Cement hydration and microstructure. Compos. Part B Eng. 2019, 173, 106795. [CrossRef]

30. Xiao, H.; Zhang, F.; Liu, R.; Zhang, R.; Liu, Z.; Liu, H. Effects of pozzolanic and non-pozzolanic nanomaterials
on cement-based materials. Constr. Build. Mater. 2019, 213, 1–9. [CrossRef]

31. He, R.; Huang, X.; Zhang, J.; Geng, Y.; Guo, H. Preparation and evaluation of exhaust-purifying cement
concrete employing titanium dioxide. Materials 2019, 12, 2182. [CrossRef]

32. Sun, J.; She, X.; Tan, G.; Tanner, J.E. Modification effects of nano-SiO2 on early compressive strength and
hydration characteristics of high-volume fly ash concrete. J. Mater. Civ. Eng. 2019, 31, 04019057. [CrossRef]

33. Wang, J.; Wang, W.; Wu, X.; Zhou, Y. Mechanical properties of cement asphalt mortar under low temperature
condition. J. Test. Eval. 2019, 47, 1995–2009. [CrossRef]

34. Tiong, M.; Gholami, R.; Rahman, M.E. Cement degradation in CO2 storage sites: A review on potential
applications of nanomaterials. J. Pet. Explor. Prod. Technol. 2019, 9, 329. [CrossRef]

35. Yoo, D.-Y.; You, I.; Zi, G.; Lee, S.-J. Effects of carbon nanomaterial type and amount on self-sensing capacity
of cement paste. Measurement 2019, 134, 750–761. [CrossRef]

36. Sivasankaran, U.; Raman, S.; Nallusamy, S. Experimental analysis of mechanical properties on concrete with
nano silica additive. J. Nano Res. 2019, 57, 93–104. [CrossRef]

37. Saleh, H.M.; El-Saied, F.A.; Salaheldin, T.A.; Hezo, A.A. Macro- and nanomaterials for improvement of
mechanical and physical properties of cement kiln dust-based composite materials. J. Clean. Prod. 2018, 204,
532–541. [CrossRef]

38. Paul, S.C.; van Rooyen, A.S.; van Zijl, G.P.A.G.; Petrik, L.F. Properties of cement-based composites using
nanoparticles: A comprehensive review. Constr. Build. Mater. 2018, 189, 1019–1034. [CrossRef]

113



Materials 2019, 12, 3548

39. Da Rocha Segundo, I.G.; Lages Dias, E.A.; Pereira Fernandes, F.D.; de Freitas, E.F.; Costa, M.F.; Oliveira
Carneiro, J. Photocatalytic asphalt pavement: The physicochemical and rheological impact of TiO2

nano/microparticles and ZnO microparticles onto the bitumen. Road Mater. Pavement Des. 2019, 20,
1452–1467. [CrossRef]

40. Indukuri, C.S.R.; Nerella, R.; Madduru, S.R.C. Effect of graphene oxide on microstructure and strengthened
properties of fly ash and silica fume based cement composites. Constr. Build. Mater. 2019, 229, 116863.
[CrossRef]

41. Khooshechin, M.; Tanzadeh, J. Experimental and mechanical performance of shotcrete made with
nanomaterials and fiber reinforcement. Constr. Build. Mater. 2018, 165, 199–205. [CrossRef]

42. Staub de Melo, J.V.; Trichês, G. Study of the influence of nano-TiO2 on the properties of Portland cement
concrete for application on road surfaces. Road Mater. Pavement Des. 2018, 19, 1011–1026. [CrossRef]

43. Diamond, S.A.; Kennedy, A.J.; Melby, N.L.; Moser, R.D.; Poda, A.R.; Weiss, C.A.; Brame, J.A. Assessment
of the potential hazard of nano-scale TiO2 in photocatalytic cement: Application of a tiered assessment
framework. NanoImpact 2017, 8, 11–19. [CrossRef]

44. Sikora, P.; Cendrowski, K.; Markowska-Szczupak, A.; Horszczaruk, E.; Mijowska, E. The effects of silica/titania
nanocomposite on the mechanical and bactericidal properties of cement mortars. Constr. Build. Mater. 2017,
150, 738–746. [CrossRef]

45. Balopoulos, V.D.; Archontas, N.; Pantazopoulou, S.J. Model of the mechanical behavior of cementitious
matrices reinforced with nanomaterials. J. Eng. 2017, 2017, 7329540. [CrossRef]

46. Bossa, N.; Chaurand, P.; Levard, C.; Borschneck, D.; Miche, H.; Vicente, J.; Geantet, C.; Aguerre-Chariol, O.;
Michel, F.M.; Rose, J. Environmental exposure to TiO2 nanomaterials incorporated in building material.
Environ. Pollut. 2017, 220, 1160–1170. [CrossRef]

47. Bastos, G.; Patiño-Barbeito, F.; Patiño-Cambeiro, F.; Armesto, J. Nano-inclusions applied in cement-matrix
composites: A review. Materials 2016, 9, 1015. [CrossRef]

48. Liew, K.M.; Kai, M.F.; Zhang, L.W. Carbon nanotube reinforced cementitious composites: An overview.
Compos. Part A Appl. Sci. Manuf. 2016, 91, 301–323. [CrossRef]

49. Wu, Z.; Shi, C.; Khayat, K.H.; Wan, S. Effects of different nanomaterials on hardening and performance of
ultra-high strength concrete (UHSC). Cem. Concr. Compos. 2016, 70, 24–34. [CrossRef]

50. Muzenski, S.; Flores-Vivian, I.; Sobolev, K. Ultra-high strength cement-based composites designed with
aluminum oxide nano-fibers. Constr. Build. Mater. 2019, 220, 177–186. [CrossRef]

51. Hendrix, D.; McKeon, J.; Wille, K. Behavior of colloidal nanosilica in an ultrahigh performance concrete
environment using dynamic light scattering. Materials 2019, 12, 1976. [CrossRef]

52. Varghese, L.; Kanta Rao, V.V.L.; Parameswaran, L. Effect of nanosilica and microsilica on bond and flexural
behaviour of reinforced concrete. In Recent Advances in Structural Engineering. In Lecture Notes in Civil
Engineering; Rao, A., Ramanjaneyulu, K., Eds.; Springer: Singapore, 2019; Volume 2, pp. 825–839. [CrossRef]

53. Alhawat, M.; Ashour, A.; El-Khoja, A. Properties of concrete incorporating different nano silica particles.
Mater. Res. Innov. 2019. [CrossRef]

54. Varghese, L.; Rao, V.K.; Parameswaran, L. Improvement of early-age strength of high-volume siliceous fly
ash concrete with nanosilica—A review. Adv. Civ. Eng. Mater. 2018, 7, 599–615. [CrossRef]

55. Hela, R.; Bodnarova, L.; Rundt, L. Development of ultra high performance concrete and reactive powder
concrete with nanosilica. IOP Conf. Ser. Mater. Sci. Eng. 2018, 371, 012017. [CrossRef]

56. Setiati, N.R. Effects of additional nanosilica of compressive strength on mortar. IOP Conf. Ser. Mater. Sci.
Eng. 2017, 223, 012065. [CrossRef]

57. Khaloo, A.; Mobini, M.H.; Hosseini, P. Influence of different types of nano-SiO2 particles on properties of
high-performance concrete. Constr. Build. Mater. 2016, 113, 188–201. [CrossRef]

58. Isfahani, F.T.; Redaelli, E.; Lollini, F.; Li, W.; Bertolini, L. Effects of nanosilica on compressive strength and
durability properties of concrete with different water to binder ratios. Adv. Mater. Sci. Eng. 2016, 2016,
8453567. [CrossRef]

59. Moon, J.; Taha, M.M.R.; Youm, K.-S.; Kim, J.J. Investigation of pozzolanic reaction in nanosilica-cement
blended pastes based on solid-state kinetic models and 29Si MAS NMR. Materials 2016, 9, 99. [CrossRef]
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Abstract: The compressive stress of concrete is used as a design variable for reinforced concrete
structures in design standards. However, as the performance-based design is being used with
increasing varieties and strengths of concrete and reinforcement bars, mechanical properties other
than the compressive stress of concrete are sometimes used as major design variables. In particular,
the evaluation of the mechanical properties of concrete is crucial when using fiber-reinforced concrete.
Studies of high volume fractions in established compressive behavior prediction equations are
insufficient compared to studies of conventional fiber-reinforced concrete. Furthermore, existing
prediction equations for the mechanical properties of high-performance fiber-reinforced cementitious
composite and high-strength concrete have limitations in terms of the strength and characteristics
of contained fibers (diameter, length, volume fraction) even though the stress-strain relationship is
determined by these factors. Therefore, this study developed a high-performance slurry-infiltrated
fiber-reinforced cementitious composite that could prevent the fiber ball phenomenon, a disadvantage
of conventional fiber-reinforced concrete, and maximize the fiber volume fraction. Then, the behavior
characteristics under compressive stress were analyzed for fiber volume fractions of 4%, 5%, and 6%.

Keywords: slurry-infiltrated fiber-reinforced cementitious composite; high-performance
fiber-reinforced cementitious composite; fiber volume fraction; compressive stress; stress-strain
relationship; filling slurry matrix

1. Introduction

Conventional concrete, which is commonly used as a construction material, does not have an
adequate resistance level in terms of collisions or explosive loads; thus, concerns are arising about
human casualties from the brittle fracturing when reinforced concrete (RC) structures explode [1,2].
With the increasing threat of global terrorism, as well as safety concerns, there is a need for reinforced
concrete structures that can withstand the sudden occurrence of dynamic loads like terrorist impact and
blast. The energy absorbing capacity of the material plays an important role in developing protective
structures. Fiber-reinforced concrete is being popular due to its greater impact resistance properties [3,4].
The possibility of high-performance fiber-reinforced cementitious composites (HPFRCCs) satisfying
blast resistance design requirements for external blasts more effectively than conventionally reinforced
concrete. The HPFRCCs have been expected to improve such drawbacks of concrete and improve
the impact resistance [5]. From previous research, it has been found that the mechanical properties
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of the concrete can be improved by adding fibers into the mix. Otter and Naaman reported that the
addition of fiber in the concrete had a significant effect on the strength and toughness of concrete [6].
The possibility of HPFRCCs satisfying blast resistance design requirements for external blasts more
effectively than conventionally reinforced concrete. HPFRCC has been found to be an economical
solution against the blast loadings [7].

As the compressive stress of concrete increases, the elastic area becomes larger, and the load-bearing
capacity decreases sharply after the manifestation of the maximum strength [8]. The strengthening
mechanism of fiber involves the transfer of stress from the matrix to the fiber by interlocking the fibers
and matrices when the fiber surface is deformed. The stress is thus shared by the fibers and matrix in
tension until the matrix cracks, and then the total stress is progressively transferred to the fibers [9].
These characteristics of high-strength concrete are determined from the size of strain and the shape
and rising and falling curves at the manifestation of the maximum strength; these characteristics are
also determined by analyzing compressive stress test results of concrete [8]. We examined established
prediction equations and found that studies of high volume fractions remained insufficient compared to
studies of conventional fiber-reinforced concrete. Furthermore, the mechanical properties of HPFRCCs
and high-strength concrete revealed limitations in each prediction equation for the strength and
characteristics of contained fibers (diameter, length, volume fraction) even though the stress-strain
relationship was determined by these factors [10–17]. Slurry infiltrated fiber concrete (SIFCON) is one
of the HPFRCCs. SIFCON is made by distributing short discrete fibers in the mold to the full volume or
designed volume fraction and then infiltrated by a fine liquid cement-based slurry or mortar. The fibers
can be sprinkled by hand or by using fiber-dispending units for large sections. [15]. Therefore, this
study aimed to develop a high-performance slurry-infiltrated fiber-reinforced cementitious composite
(SIFRCCs) that could prevent the fiber balling, a disadvantage of conventional fiber-reinforced concrete,
and maximize the fiber volume fraction. Most fiber balling occurred during the fiber addition
process due to excessive fibers in the mixing of HPFRCCs or fiber-reinforced concrete. Further,
the compressive behavior of the developed SIFRCCs was analyzed for fiber volume fractions of
4%, 5%, and 6%. Cylindrical specimens were fabricated for each variable according to the mixing
design of high-performance filling slurry, and an experimental study was conducted on the behavior
characteristics under compressive stress to examine the mechanical properties of SIFRCCs with a high
volume fraction.

2. Mechanical Properties of Fiber-Reinforced Concrete

Previously proposed stress-strain relationship equations have been modified based on the research
results of Propovics [10] and Sargin [11]. Propovics [10] defined the stress-strain relationship through
the rate of decrease of the elastic modulus, as shown in Equation (1), and Sargin [11] reflected the
properties of a section through the changes of the components and the strength of concrete, as shown
in Equation (2).

fc
fck

=
β(ε/ε0)

β− 1 + (ε/ε0)
β

(1)

fc
fck

=
A(ε/ε0) + B(ε/ε0)

2

1 + C(ε/ε0) + D(ε/ε0)
2 (2)

Here, fc is the stress acting on the concrete; fck, the compressive stress of concrete; ε, the compressive
strain; ε0, the strain at peak stress; and β, a coefficient that determines the slope and shape of the curve.
Furthermore, A~D are coefficients determined by the boundary condition.

A review of existing studies’ results revealed that the mechanical properties of concrete, including
the maximum strength, elastic modulus, and strain at maximum strength, need to be defined before
the stress-strain relationship of concrete under compressive stress can be defined. Of these, the elastic
modulus is an important design variable for a concrete structure and has a significant effect on the
stress-strain relationship. The elastic modulus tends to increase with the strength of the matrix and is
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proportional to the square root or cube root of the compressive stress of the matrix [1]. The strain at
peak stress is usually fixed at 0.002 or 0.0022 for conventional concrete (average strength) [8]. However,
the measured compressive stress of high-strength concrete has been reported to have a value exceeding
0.002, and many studies have proposed prediction equations of the strain at peak stress that reflect this
value [8].

Steel fibers are mixed for increasing the tensile strength of concrete; however, they also change the
mechanical properties in compressive stress measurements [8]. The mixing of steel fibers, generally,
increases the compressive stress and the strain and elastic modulus at peak stress [8].

The strengthening effect of fibers is realized as an algebraic sum or a magnification of the fiber
reinforcing effects for the elastic modulus of the matrix alone [8,17]. The prediction equations for
the stress-strain relationship that reflect changes in the mechanical properties with the mixing of
fibers revealed that the effect of fibers was reflected only for conventional concrete with no fiber
reinforcement [8–17].

Furthermore, a prediction equation for estimating the elastic modulus of concrete is generally
proposed on the basis of an empirical formula using regression analysis of experimental data of various
ranges. The elastic modulus of conventional concrete can be estimated using the compressive stress,
unit weight of concrete, etc. [8–11,15]. However, HPFRCCs, such as SIFRCCs, contain steel fibers
and other materials in conventional concrete, depending on the mixing conditions, and these added
materials can greatly affect the estimation of the elastic modulus. For HPFRCCs, such as SIFRCCs, the
volume fraction of each composite material can be calculated according to the composite theory [18–21].

We examined established prediction equations and found that studies of high volume fractions
remained insufficient compared to studies of conventional fiber-reinforced concrete. Therefore, we
conducted an experimental study of the behavior characteristics under compressive stress to examine
the mechanical properties of SIFRCCs with a high volume fraction of fibers.

3. Experimental

3.1. Materials

3.1.1. Cement

This study used type 1 ordinary Portland cement (OPC), the physical and chemical properties of
which are listed in Table 1 [21].

Table 1. Physical and chemical properties of the used cement.

Physical Properties

Specific Gravity Blaine (cm2/g) Stability (%)
Setting Time (min)

Loss on Ignition (%)
Initial Final

3.15 3400 0.10 230 410 2.58

Chemical Composition (%, mass)

SiO2 CaO MgO SO3 Al2O3

21.95 60.12 3.32 2.11 6.59

3.1.2. Silica Fume

To realize high-performance and high-strength filling slurry, this study used silica fume (Elkem
Korea, South Korea), the physical and chemical properties of which are listed in Table 2.
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Table 2. Physical and chemical properties of the used silica fume.

Physical Properties

Specific Gravity Blaine (cm2/g)

2.10 200,000

Chemical Composition (%, mass)

SiO2 CaO MgO SO3 Al2O3

96.00 0.38 0.10 - 0.25

3.1.3. Aggregates

To improve the filling performance of the slurry and reduce material separation, fine aggregates
with diameters of 0.5 mm or smaller were used. No coarse aggregates were used.

3.1.4. Admixture

To improve the filling performance of the slurry, a polycarboxylic acid, the high-performance
water reducing agent with high dispersion performance, was used. The admixture used in this
experiment had high strength and high flow characteristics, as well as excellent unit water quantity
reduction property and material separation resistance. Table 3 lists the characteristics of the used
high-performance water-reducing agent.

Table 3. Characteristics of the used high-performance water reducing agent.

Principal Component Specific Gravity pH Alkali Content (%) Chloride Content (%)

Polycarboxylate 1.05 ± 0.05 5.0 ± 1.5 <0.01 <0.01

3.1.5. Steel Fibers

Double-hook steel fibers for conventional concrete with a diameter of 0.75 mm, length of 60 mm,
and an aspect ratio of 80 were used. These steel fibers had a density of 7.8 g/cm3 and a tensile strength
of 1200 MPa. Figure 1 shows the shape of the used steel fibers.

Figure 1. The shape of the used steel fiber.

3.2. SIFRCCs

SIFRCCs that can accommodate a high volume fraction of steel fibers were developed in this study
to prevent the fiber ball phenomenon, the main disadvantage of conventional fiber-reinforced concrete,
and maximize the fiber volume fraction [22–26]. Unlike conventional fiber-reinforced concrete, SIFRCCs
is a type of HPFRCC that can contain a high volume of steel fibers. It is fabricated by filling steel
fibers by dispersing them and then filling high-performance slurry. SIFRCCs affords the advantages of
preventing the fiber ball phenomenon and allowing a high fiber volume fraction [23,24,26].
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3.3. Mixing and Fabrication of Specimens

OPC, fine aggregate, water, superplasticizer, and additional silica fume were mixed to prepare
a slurry. The water binder ratio was 0.35. First, the cylindrical mold with diameters of 100 mm and
heights of 200 mm were filled with steel fiber with respect to volume fraction. Randomly sprinkled
steel fibers in the mold should not overfill the depth of mold and level up as much as possible [25,26].
The slurry as prepared after mixing the contents was poured until no more bubbles were seen to ensure
infiltration of slurry into the fibers because the void has negative effects on the strength of the concrete.
The amount of high-performance water reducing agent was set to 2.5% of the binder weight [25,26].
To reduce the material separation and achieve the required strength, fine aggregates (50% of binder
weight) and silica fume (15% of cement weight) were added [25,26]. Table 4 shows SIFRCCs mixing.

Table 4. SIFRCCs (high-performance slurry-infiltrated fiber-reinforced cementitious composite)
mixing proportion.

Fiber
(% vol.)

W/B
(Water-Binder

Ratio)

Unit Material Quantity (kg/m3)

Water Cement
Fine

Aggregate
Silica
Fume

Superplasticizer
Steel
Fiber

4%
0.35 407.4 962.8 566.4 169.9 28.3

312

5% 390

6% 468

To analyze the compressive behavior characteristics of the SIFRCCs for fiber volume fractions
of 4% (312 kg per cubic meters), 5% (390 kg per cubic meters), and 6% (468 kg per cubic meters),
cylindrical specimens with diameters of 100 mm and heights of 200 mm were fabricated with respect
to the mixing ratio of each variable, as listed in Table 4. Figure 2 shows the fabrication of specimens.

Figure 2. Fabrication of specimens.

3.4. Compression Test of SIFRCCs

A universal testing machine (UTM) was used to study the compressive behavior of specimens.
The specimens were placed centrally between the two compression plates, such that the center of
moving head was vertically above the center of specimen, as shown in Figure 3, then the load was
applied on the specimens by moving the movable head. The load and corresponding contraction
were measured at different intervals. A review of existing studies on the mechanical properties of
high-strength concrete and fiber-reinforced concrete found that there was an applicable strength limit
for each prediction equation [8,10–17]. If this strength limit is exceeded, structural design problems
can be generated by estimation of the unsafe side. Furthermore, major mechanical properties that
define the stress-strain relationship have been found to be determined by the compressive stress of
concrete and the fiber volume and shape [8,10–17]. Therefore, this study also used the high fiber
volume fraction as a major variable. In addition, an experimental study on the elastic modulus under
compressive stress, strain at peak strength, and Poisson’s ratio was performed. Figure 3 shows the

125



Materials 2020, 13, 159

experimental setup for compression tests. Compressive strength, modulus of elasticity, and Poisson’s
ratio were determined according to ASTM (American Society for Testing and Materials) specifications
(ASTM C873 [27] and ASTM C469 [28], respectively).

Figure 3. Experimental setup for compressive stress and elastic modulus tests.

4. Experiment Results and Analysis

4.1. Compressive Stress

Figure 4 shows the compressive stress experiment results with respect to the fiber volume fraction
for SIFRCCs. For fiber volume fraction of 6%, the average compressive stress was ~83 MPa. For fiber
volume fraction of 5%, the average compressive stress was ~75 MPa; this was ~10% lower than that
for the fiber volume fraction of 6%. Furthermore, for the fiber volume fraction of 4%, the average
compressive stress was ~66 MPa; this was ~12% and ~21% lower than that for fiber volume fractions of
5% and 6%, respectively. The compressive stress tended to increase in proportion to the fiber volume
fraction. It seemed that the increased amount of steel fibers with increasing fiber volume fraction
produced a restraining effect on the specimen itself, thereby affecting the increase in compressive stress.

Figure 4. Compressive stress experiment results with respect to fiber volume fraction.

Many studies have shown that the mixing of fibers in fiber-reinforced concrete generally does
not influence the compressive stress of the matrix itself. The compression experiment results of Shah
and Rangan [29] reported that although the compressive strain at fracture increased significantly
when fibers were mixed, the compressive stress did not clearly improve. As the fiber volume fraction
increased, the compressive stress gradually increased at first; however, above a certain fraction (4% or
more), this tendency changed somewhat. Within a certain mixing level of fibers, the compressive stress
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increased because the resistance was increased by crack suppression; however, above this level, the
compressive stress decreased owing to additional defects that appeared with the improvement effect.

The compressive fracture of conventional fiber-reinforced concrete was caused not by the yield
or drawing of fibers but by the fracture of a matrix with relatively low strength before fibers play a
structural role. Accordingly, the compressive stress was considered to improve with the fiber volume
fraction as sufficient adhesion occurred between the fiber and the high-strength cementitious matrix
used in this study. Micro-cracks were caused in conventional concrete and fiber-reinforced concrete by
the interface properties of the coarse aggregates and the cement paste. For SIFRCCs, a composite made
of fine particles with no coarse aggregates, cracks at the interface could be reduced, and the adhesion
performance of the filling slurry and steel fibers could be improved. Therefore, the effect of steel fibers,
such as the fiber volume fraction, rather than the effect of the compressive stress caused by matrix
fracture was considered to be reflected.

4.2. Elastic Modulus

The elastic modulus experiment results indicated that the elastic modulus showed insignificant
differences with the fiber volume fraction; its value remained ~28 GPa. This was in contrast to the
compressive stress experiment results. However, as shown in Figure 5, the strain at peak stress showed
significant differences with increasing fiber volume fraction. These results implied that the energy
absorption capacity improved as the fiber volume fraction increased.

Figure 5. Strain at peak stress.

Figure 6 shows the elastic modulus estimation curve using the compressive stress as presented in
KCI 2012 [30] and ACI 318 [31] and the compressive stress and elastic modulus with respect to the
fiber volume fraction. The elastic modulus with respect to the fiber volume fraction measured in this
study satisfied the lower limit of the elastic modulus estimation curve. This seemed to be because the
elastic modulus prediction equation suggested in KCI 2012 [30] and ACI 318 [31] estimated the elastic
modulus using only the compressive stress and unit weight.
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Figure 6. Correlations of compressive stress and elastic modulus between KCI 2012 [30] and ACI
318 [31].

4.3. Poisson’s Ratio

Poisson’s ratio of conventional concrete is known to be 0.16–0.20; that of fiber-reinforced
high-strength concrete is expected to be higher. Figure 7 shows Poisson’s ratio with respect to
the fiber volume fraction of SIFRCCs. As with the elastic modulus experiment results, Poisson’s ratio
showed insignificant differences with the fiber volume fraction. The average Poisson’s ratio was ~0.3;
this was much higher than that of conventional concrete and was similar to that of steel. This was
because the high-strength filling slurry matrix improved the interface adhesion between the matrix
and the steel fibers. SIFRCCs showed homogeneous behavior owing to its high fiber volume fraction;
this could suppress brittle fracture, a disadvantage of conventional concrete, and provide sufficient
energy absorption capacity.

Figure 7. Correlation between compressive stress and Poisson’s ratio with respect to fiber
volume fraction.

4.4. Stress-Strain Relationship

The stress-strain experiment results of SIFRCCs with respect to the fiber volume fraction showed
relatively high strain values for all variables compared to that of conventional concrete, with a strain of
0.008 or higher at peak stress. Figure 8 shows the results for the fiber volume fraction of 6%. In this
case, the post-peak behavior exhibited a strain hardening behavior. Even after the elastic section in the
stress-strain curve, it showed ductile behavior characteristics like those of metal. This showed that
as in the experimental results obtained with high Poisson’s ratio, the specimen exhibited sufficient
energy absorption capacity even after the peak stress owing to its high fiber volume fraction. Figure 9
shows the results for the fiber volume fraction of 5%. As in the previous case, the post-peak behavior
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exhibited a strain hardening behavior in the plastic section of the stress-strain curve. Figure 10 shows
the results for the fiber volume fraction of 4%. Unlike in the previous two cases, the post-peak behavior
exhibited a strain hardening behavior to some degree in the plastic section of the stress-strain curve
and a strain-softening behavior in the end. This was because the low fiber volume fraction of 4%
produced only a small amount of fiber reinforcement that decreased the resistance to the expansion
force in the vertical direction of the specimen axis. Figure 11 shows the results for the stress-strain
curve with respect to fiber volume fraction.

Figure 8. Stress-strain curve for the fiber volume fraction of 6%.

Figure 9. Stress-strain curve for the fiber volume fraction of 5%.

Figure 10. Stress-strain curve for the fiber volume fraction of 4%.

Figure 11. The stress-strain curve with respect to fiber volume fraction.
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Table 5 lists the experimental results for maximum strength, elastic modulus, and strain at
peak stress; these are generally used to define the stress-strain curve of the SIFRCCs. The relative
error of compressive strength in the average value of the experimental results for each variable with
respect to the fiber volume fraction was lower than 10%. The stress-strain experiment results revealed
insignificant differences in the elastic modulus with the fiber reinforcement amount. This suggested
that fiber reinforcement had no effect on the elastic modulus owing to the use of the same filling slurry
matrix regardless of the fiber volume fraction.

Table 5. Experimental results for compressive behavior characteristics with respect to the fiber
volume fraction.

Variables (Vf) fc (MPa) Ec (MPa) εco (×10−6) ν

4%

69.9 28,430 5.74 0.289

70.6 25,098 16.08 0.233

62.8 31,826 5.86 0.333

64.0 27,667 7.40 0.336

60.2 24,493 6.67 0.239

Average 65.5 27,503 8.37 0.286

5%

73.7 29,853 8.16 0.360

68.5 26,548 11.52 0.231

79.5 26,617 21.36 0.343

75.4 24,804 3.84 0.305

75.4 28,481 29.16 0.358

Average 74.5 27,261 14.81 0.319

6%

88.0 28,551 18.18 0.237

78.0 26,967 15.02 0.253

86.4 24,886 27.38 0.267

85.9 32,182 38.02 0.373

76.3 29,071 13.20 0.367

Average 82.9 28,331 22.36 0.300

However, the strain at peak stress also increased with the fiber volume fraction. In contrast to
the above-mentioned compressive stress experiment results with respect to the fiber volume fraction,
the compressive stress for the fiber volume fraction of 6% increased slightly by approximately 1.11
and 1.27 times compared to those for fiber volume fractions of 5% and 4%, respectively. However, the
strain at peak stress for the fiber volume fraction of 6% increased significantly by 1.51 and 2.67 times
compared to those for fiber volume fractions of 5% and 4%, respectively. The compressive fracture
patterns obtained by performing the compressive behavior experiment, shown in Figure 12, indicated
that the strain increased further as axial cracks in the specimen were restrained. This characteristic of
the strain increase rate was considered to be caused by the restraining effect of the high fiber volume
fraction, in which many steel fibers resisted the expansion force generated vertically to the specimen
axis and thereby caused longitudinal split cracks. Moreover, the steel fiber reinforcement effect served
to increase the size of the peak stress and the strain at peak stress in all compressive stress areas.
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Figure 12. Compressive fracture pattern with respect to fiber volume fraction.

5. Conclusions

A high-performance SIFRCCs that can prevent the fiber ball phenomenon, a disadvantage of
conventional fiber-reinforced concrete, and maximize the fiber volume fraction was developed, and
the compressive behavior characteristics with respect to the fiber volume fraction were analyzed. The
following conclusions were derived from this study.

(1) The static compressive behavior characteristics with respect to the fiber volume fraction of
SIFRCCs showed that the compressive stress increased in proportion to the increasing fiber
volume fraction. The micro-cracks in conventional concrete and fiber-reinforced concrete were
caused by the interface properties of coarse aggregates and cement paste. By contrast, SIFRCCs
could reduce cracks at the interface because it was a composite made of fine particles with
no coarse aggregates. Furthermore, the filling slurry and steel fibers improved the adhesion
performance and reflected the effects of the fiber volume fraction and steel fibers instead of the
compressive stress characteristics caused by matrix fracture. In addition, the high volume fraction
of the steel fibers generated a restraining effect in the compressive stress test specimen, thereby
affecting the increase in compressive stress.

(2) The elastic modulus experiment results showed that the elastic modulus did not increase with the
increasing fiber volume fraction, unlike the compressive stress experiment results. However, for
strain under compressive stress, the increased rate of the strain at peak stress showed a difference
of up to 2.7 times depending on the fiber volume fraction. This means that with increasing fiber
volume fraction, the post-peak behavior after peak stress showed a strain hardening behavior,
implying that the energy absorption capacity improved at a higher fiber volume fraction.

(3) The characteristics of the strain increase rate were attributed to the restraining effect of the high
fiber volume fraction in which many steel fibers resisted the expansion force generated vertically
to the specimen axis that caused longitudinal split cracks. Furthermore, the reinforcing effect of
steel fibers was considered to increase the peak stress and strain at peak stress in all compressive
stress areas.

(4) Poisson’s ratio experiment results showed insignificant differences in the elastic modulus with
the fiber volume fraction. Similarly, Poisson’s ratio showed insignificant differences with the
fiber volume fraction. However, Poisson’s ratio was ~0.3 for every variable; this was similar
to that of steel. This was caused by the improved interface adhesion performance between the
high-strength filling slurry matrix and the steel fibers. Therefore, the SIFRCCs with a high fiber
volume fraction could suppress brittle fracture, a disadvantage of conventional concrete, and
exhibit sufficient energy absorption capacity owing to its homogeneity.
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Abstract: The service life of concretes exposed to sulfate decreases as the concrete body expands due
to the formation of gypsum and ettringite. Bacteria-based repair coating layers, which have been
studied lately, are aerobic and very effective on the sulfate attack. In this study, bio-slime repair coating
layers were fabricated using bacteria, and chloride diffusion experiments were performed. In addition,
the service life of concrete under sulfate attack was evaluated using time-dependent diffusivity and
a multi-layer technique. Chloride diffusivity was compared with sulfate diffusivity based on literature
review, and the results were used to consider the reduction in the diffusion coefficient. In the analysis
results, the service life of concrete was evaluated to be 38.5 years without bio-slime coating layer, but
it was increased to 41.5–54.3 years using it. In addition, when the thickness of the bio-slime coating
layer is 2.0 mm, the service life can be increased by 1.31–2.15 times if the sulfate diffusion coefficient
of the layer is controlled at a level of 0.1 ~ 0.3 × 10−12 m2/s. Eco-friendly and aerobic bio-slime coating
layers are expected to effectively resist sulfate under appropriate construction conditions.

Keywords: bio-slime; sulfate attack; chloride attack; service life; multi-layer diffusion; repair

1. Introduction

Concrete structures are used in various environments due to their economic efficiency and
durability. Reinforced concrete (RC) structures are the combination of reinforcement, such as reinforcing
steel and concrete. In recent years, studies have been concentrated on the corrosion of steel reinforcement
due to salt damage and carbonation [1,2]. Most of these studies are focused on the corrosion of
buried reinforcement or the corrosion initiation time. Concrete, however, can be degraded through
the expansion of the concrete body or local cracks, as well as the corrosion of the internal steel
reinforcement [3,4].

A representative deterioration phenomenon that affects the concrete body is the sulfate
attack. In the deterioration of concrete by sulfate ions, they penetrate into concrete and react
with calcium hydroxide, forming gypsum, or with monosulfates or C3AH6 (tricalcium aluminate
hexahydrate—a C3A hydrate), forming ettringite (C3A·3CaSO4·32H2O), which causes the expansion
of concrete. The generated ettringite causes cracks at the beginning and significantly affects safety
through the expansion of the concrete body [5,6].

In general, sulfate control is conducted by controlling the penetration of sulfates and inhibiting
the generation of gypsum and ettringite through the use of admixtures. Many studies have been
conducted to improve resistance to deterioration caused by the penetration of sulfate ions, but few
of them evaluated the service life through quantitative modeling. Studies on single and combined
deterioration have been conducted, but they are focused on the evaluation of deterioration using
experimental results. Until recently, the evaluation of deterioration or service life under sulfate attack
was dominated by the evaluation of the strength reduction [7,8]. In addition, the material modeling
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levels of many studies were limited to a correlation with the amount of C3A and the expansion
volume [6,8].

Sulfate deterioration modeling is difficult because it is complex to simulate deterioration caused
by the spalling of external concrete over time; it is also difficult to quantify the reaction of internal
hydrates and sulfate ions. The Atkinson model used by ACI (American Concrete Institute) as well
as the previously researched models only perform modeling of the deterioration depth and cannot
consider the effects after cracking or surface spalling [9,10].

The deterioration of sewage facilities, which are lifelines, has become a problem, and ground
subsidence caused by the deterioration of internal concrete and the leakage of joints has been
reported [11,12]. For the internal erosion of concrete or pipe lines, bacteria-based self-healing materials
can be excellent alternatives that can extend the service life of sewage pipes. Many studies have
rapidly advanced aerobic bacteria-based concrete development technologies, and some technologies
have reached the commercialization stage [13–16]. Of course, the residual viability of bacteria and
the limitations of self-healing require consistent research, but bacteria-based self-healing materials can
be used as excellent repair materials because they can complement such shortcomings as peeling-off,
which is commonly found in organic repair materials [17,18]. The protective coating technology using
fixed bacteria is expected to have a sustainable resistance to harsh environment that gradually degrades
concrete performance, unlike conventional coating materials like epoxy that may cause delamination
and peel-off [19].

The coating mortar with fixed bacteria was prepared using expanded vermiculite for a carrying
bacteria. The glycocalyx was applied to bacteria in culture, which was used as a barrier to protect from
the harmful ion attack outside [13].

In this study, bio-slime was prepared using bacteria to effectively control the penetration of sulfate
ions, which are a major deterioration factor, and the service life under sulfate attack was evaluated
considering the thickness of the coating layer. The time-dependent ion diffusion technique was used
for the service life evaluation, and the results were compared with those of the existing deterioration
depth model due to sulfate.

2. Preparation of Bio-Slime Coating Layers

Expanded vermiculite (EV) and super absorbent polymer (SAP) were used as immobilization
materials to provide the living pores of bacteria and to create a neutral (less than pH 10) growth
environment. The particle size of EV ranged from 0.25 to 0.36 mm while that of SAP ranged from
0.08 to 0.20 mm. Their densities were 0.25 and 0.70 g/cm3, respectively. These materials had high
moisture-retaining capacities and neutral pH. In particular, EV could effectively absorb cations (e.g.,
Ca2+ and Mg2+) required for the growth of microorganisms (Rhodobacter capsulatus) because it had an
excellent cation exchange capacity. As for bacteria, Rhodobacter capsulatus cultured at a concentration
of 109 cel/mL was used, and the pH of the culture medium was slightly acid (pH = 6.8) to improve
the highly alkaline environment.

Considering the durability improvement and eco-friendliness of the bacterial glycocalyx coating
material, ordinary Portland cement (OPC, S company, Sejong, Korea), ground granulated blast furnace
slag (GGBS) and fly ash (FA) were used as binders. In the case of aggregate, silica sands with particle
sizes of 0.05–0.17 mm, 0.17–0.25 mm, and 0.25–0.70 mm were mixed at the same mass ratio and used.
The porous materials for the immobilization of bacteria were used replacing 30% of the aggregate
volume during mixing.

Table 1 shows the formulation of the mortar used as a coating material. Table 2 presents the mixing
information of the bio-slime coating material used. Figure 1 shows the material preparation and
the overview of the bio-slime coating layer. In order to promote sustainable and protective effect to
the coating mortar, the glycocalyx was used as a coating materials. For the cultivation of bacteria,
glycocalyx consists of polymer skin capsules and a slime layer. The composition ratio of glycocalyx
depends on the characteristics of the bacterial strain and constituent of the cultivate media. In addition,
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the strength characteristics, sulfate resistance, and preparation of the bio-slime structure can be found
in the existing literature [13].

Table 1. Mix proportions for mortar.

W/B S/B

Unit Weight (kg/m3)

Water OPC FA GGBS
Silica Sand Size (mm)

0.05~0.17 0.17~0.25 0.25~0.7

35 2 135.9 158.5 90.6 203.8 196.3 196.3 196.3

Table 2. Mix proportions for bio-slime coating material.

Sample Strain
Immobilization
Material Type

Immobilization
Material Substitution

Ratio (%)

Non-bacteria − − −
Non-immobilized

bacteria
Rhodobacter
capsulatus

− −
Expanded vermiculite

(EV) immobilized
bacteria

EV 30

Super absorbent polymer
(SAP) immobilized

bacteria
SAP 30

Figure 1. Procedures for producing bio-slime with bacteria and coating for sewage line: (a) bacteria
lsolation and screening; (b) bacteria culture: 109 cell/mL. (pH = 6.8, anaerobic environment); (c) bacteria
immobilization; (d) coating material formulation; (e) coating material construction by lining method;
(f) confirm bacterial growth (recultured and microscopic).

3. Sulfate Penetration Analysis Considering Bio-Slime Coating Layer

3.1. Analysis without Coating Layer

The service life model for sulfate deterioration considered the model developed by Atkinson and
Hearne [9,10]. This model was also developed as a software program, and it shows the deterioration
depth over time considering the moisture inflow from the ground [20]. Equation (1) is the basic equation
developed by Atkinson and Hearne. This model basically assumes that the formation of expandable
ettringite inside concrete causes harmful expansion and cracking and assumes that a failure occurs

137



Materials 2020, 13, 1512

while the deterioration side (Xspall) thickly peels off from the concrete surface when the deformation
caused by the increased volume of ettringite exceeds the fracture energy of concrete.

R =
Zp

t
=

EB2c0DixΦAl2O3

0.10196αγ(1− ν) (1)

where, R is the deterioration rate of concrete by sulfate ions (m/s), Zp is the predicted sulfate penetration
depth (m), t is the time (s), c0 is the external sulfate concentration (mol/m3), Di is the sulfate diffusion
coefficient in concrete (m2/s), E is the elastic modulus (kgf/m2), α is the roughness coefficient of the area
where performance deterioration occurs (1.0), B is the stress of 1 mol of sulfate that reacts in 1 m3 of
concrete (=1.8 × 10−6 m3/mol), γ is the energy required for the concrete surface fracture (kgf/m), ν is
Poisson’s ratio, x is the cement content of the target structure (kg/m3), and ΦAl2O3 is the aluminum
oxide content of the target structure. As seen in Equation (1), the deterioration depth linearly increases
with the increase in the diffusion coefficient under constant mix proportions. Accordingly, the service
life also shows a linear reduction.

3.2. Analysis Considering Coating Layer

When the concrete surface is deteriorated or reinforced, diffusivity from the surface is increased
or decreased. In this study, a repaired case, i.e. a case where the surface has a low diffusion coefficient,
was assumed. As there is no modeling for the diffusion coefficient of sulfate ions, the diffusion theory
of chloride ions was used. In a research that considers the diffusion theory of a multi-layer structure
and the time-dependent diffusion coefficient, the flow of ions based on Fick’s second law can be
expressed as Equation (2) [21]. In the previous model [22], the time effect was not considered, so that
the developed Equation (2) with time effect was used. The diffusion coefficient was controlled with
time exponent m and specific period (tc).
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(2)

where, C1 and C2 are the chloride concentrations of the concrete surface and body (kg/m3), respectively;
D1 and D2 are the diffusion coefficients of the concrete surface and body (m2/s), respectively; k is
(D1/ D2)1/2; α is (1 − k)/(1 + k); and e is the thickness of the surface reinforced through surface repair.
The diffusion coefficient of the surface, D1, was assumed to be smaller than the internal diffusion
coefficient, D2, to simulate the diffusion coefficient of the deteriorated concrete surface. In addition, m
and tc were assumed to be the time-dependent index of the diffusion coefficient and the time when
the diffusion coefficient stabilizes (30 years), respectively.
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4. Evaluation of the Service Life of a Concrete Structure Considering Bio-Slime

4.1. Derivation of the Bio-Slime Chloride Diffusion Coefficient

To evaluate the penetration of sulfate ions, the diffusion coefficient of chloride ions was indirectly
derived and considered for analysis. It is very difficult to experimentally or analytically implement
the diffusion coefficient of sulfate ions because it is difficult to directly implement the phase equilibrium
and mobility of ions [3]. Previous studies showed that the ratio of sulfate to chloride ions is 1.06/2.06
under distilled water condition, indicating that sulfate ions are approximately 50% of chloride ions.
They also experimentally derived the penetration depths of chloride ions and sulfate and found that
the ratio of the square root of chloride ion diffusion coefficient and sulfate ion diffusion coefficient has
a linear relationship with the penetration depth. The regression analysis of this relationship revealed
that the sulfate ion diffusion coefficient is approximately 38.5% of the chloride ion diffusion coefficient,
and this tendency is not significantly different from the 50% level, which is the diffusion coefficient
ratio in aqueous solution [3].

In this study, the sulfate ion diffusion coefficient was assumed to be 40% of the chloride diffusion
coefficient for analysis. The accelerated chloride diffusion coefficient was derived using the NTBULD
492 method, which is the non-steady-state diffusion coefficient. In the NTBUILD 492 method, 10%
NaCl solution is applied for cathode, and 0.3 N NaOH solution is adapted for anode to accelerate
penetration of chloride ion. Based on initial current and the criteria specified in the method, applied
voltage and test period is determined. After the voltage is applied in each test period, silver nitrate
solution (0.1 M, AgNO3) is utilized as indicator. The diffusion coefficient from the test was calculated
through Equations (3) and (4).

Drcpt =
RTL

zF(U − 2)
× Xd − α

√
Xd

t
(3)

α = 2

√
RT
zFE
× er f−1 ×

(
1− 2Cd

C0

)
(4)

where Drcpt and R are chloride diffusion coefficient (m2/s) and universal gas constant (8.314 J/mol·K),
respectively. T denotes absolute temperature (K) and L means thickness of specimen (m). z and F are
ionic valence of 1.0 and Faraday constant (96,500 J/V·mol). U means applied potential (V), t denotes
test duration time (s). The chloride concentrations of Cd and C0 are the that at which the color changes
and that in the cathode solution (mol/L), respectively. Figures 2 and 3 show the photo of the diffusion
test and the results, respectively. A total of six slime coating types were considered, and excellent
chloride diffusion coefficients of 0.71–3.39 × 10−12 m2/s were derived.

Figure 2. Photo of accelerated chloride diffusion test.
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Figure 3. Results from chloride diffusion coefficient in various slime coating conditions. NB:
Non-Bacteria; NBP: Non-Bacteria-Polymer; EVI: EV-Immob; EVIP: EV-Immob-Polymer; NI:
Non-Immob; NIP: Non-Immob-Polymer.

4.2. Target Structure and Mix for Analysis

The target structure was RC box structure exposed to a high concentration of sulfate, and the mix
proportions were assumed to have 30% of GGBFS replacement ratio and the design strength of 35 MPa,
which was conventionally used for resisting chemical attack. Figure 4 shows the overview of the target
structure. Table 3 show the analysis conditions for sulfate diffusion. In the analysis conditions,
the diffusion coefficient of sulfate ions was assumed to be 40% of that of chloride ions, as discussed in
Section 3.1. In addition, the sulfate concentration was assumed to be 5,000 ppm, which is considered
a medium value in the 1500–10000 ppm range which is the third worst condition of the ACI 318
standard [23,24]. It is very difficult to set the critical sulfate concentration because there is no clear
criterion. The condition at which expansion by ettringite begins during the penetration of Na2SO4

is usually known as approximately 0.12% [25], but 0.18%, which is 1.5 times higher, was considered
under the assumption that the surface was continuously deteriorated.

Figure 4. Schematic diagram for the RC structure exposed to sulfate attack.

Table 3. Analysis conditions for sulfate diffusion.

Item Value

Exterior sulfate concentration (%) 5000 ppm
Diffusion coefficient in concrete 7.943 × 10−12 m2/s

Critical sulfate concentration 0.18% (1800 ppm)
Diffusion coefficient in slime-coating 0.60 × 10−12 m2/s

Thickness of slime coating layer 1.0~5.0 mm
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In South Korea, the sulfate concentration (hydrogen sulfide) inside sewage pipes is less than
10 ppm, which is a very low level, and there is the influence of drainage, such as rainfall. Thus, very
low deterioration depths have been reported [26].

4.3. Analysis of the Service Life under Different Conditions

(1) When the surface is not protected:

For the unprotected surface, analysis was conducted using two methods. When the Atkinson
model was used, the input constants shown in Table 4 were applied. In addition, the service life
according to the sulfate diffusion coefficient and that according to the external sulfate concentration
are shown in Figure 5.

Table 4. Input constants for Atkinson model.

Input Variable Unit Input Value Ground

c0 mol/m3 52.067 5000 ppm sulfate concentration was converted into
the molar weight (96.06 g/mol)

Di m2/s 0.7 × 10−12
Mean value of typical sulfate diffusion coefficients

((0−4) × 10−12 m2/s) based on the results of previous
studies

E Pa 27,800 × 106 Typical elastic modulus of concrete
ν − 0.177 Typical Poisson’s ratio

x kg/m3 289.1 The amount of cement used in the mix design was
used (slag substitution rate: 30%).

ΦAl2O3 mol/m3 0.05 The mean value of cement manufacturers was used.

 

(a) (b) 

Figure 5. (a) Service life variation with exterior concentration; (b) service life with diffusion coefficient
of sulfate ion.

When the cover thickness (60 mm) and external sulfate concentration (5000 ppm) of the sewage
pipe, which was the target structure, were considered, its service life was evaluated to be 38.3 years
when surface repair was not performed.

Figure 6 shows the sulfate behavior performed using the diffusion coefficient and Fick’s second
law. A software that applies the finite difference method was used. When 30% slag was used replacing
cement, the diffusion coefficient (Dref) was found to be 7.943 × 10−12 m2/s and the time-dependent
index (m) was 0.314 at the reference age. The service life for the 60 mm concrete cover thickness was
evaluated to be 49.1 years.
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(a) (b) 

Figure 6. (a) Sulfate ion profile with cover depth after 49.1 year; (b) increasing sulfate ion at steel
location with time.

(2) When the surface is protected:

—Service life according to the slime thickness.
For the analysis of the surface protected by bio-slime, Equation (2) was used. When there was no

surface repair, the service life was evaluated to be 38.3 years. As the thickness of the coating layer with
a diffusion coefficient of 0.6 × 10−12 m2/s increased to 1.0–5.0 mm, the service life increased from 38.3
to 54.3 years.

Figure 7 shows the service life behavior due to the coating layer change, and Figure 8 shows
the sulfate diffusion behavior distribution according to the coating layer thickness after 50 years of
sulfate exposure.

Figure 7. Service life variation with coating thickness.

142



Materials 2020, 13, 1512

Figure 8. Sulfate ion profile after 50 years.

—Service life according to the external sulfate concentration.
After fixing the slime thickness at 2.0 mm and the diffusion coefficient of slime at 0.5 × 10−12 m2/s,

the service life was analyzed while the external sulfate ion concentration was increased from 0.3% to
0.5%. With the increase in the concentration of sulfate, the penetration of harmful ions to the inside
was further accelerated. The sulfate concentration of the actual sewage pipe, however, was very
low (100–200 ppm). As the sulfate concentration increased from 3000 to 7000 ppm, the service life
significantly decreased from 138 to 29 years, as shown in Figure 9. In addition, Figure 10 shows
the sulfate distribution behavior in each sulfate exposure environment after 30 years.

Figure 9. Service life variation with exterior conditions.

Figure 10. Sulfate ion profile after 30 years.
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—Changes in service life due to changes in the diffusivity of the slime layer.
Actually, the sulfate diffusion coefficient of the repair slim layer has the sulfate diffusion

characteristics of 0.27~1.31 × 10−12 m2/s depending on the bioactive properties used. In this study,
the service life was evaluated while the diffusion coefficient of the repair slime layer was increased
from 0.1 × 10−12 to 1.2 × 10−12 m2/s. Figures 11 and 12 show the service life according to the diffusion
coefficient of the slime layer and the distribution of sulfate ions after 40 years.

Figure 11. Service life variation with diffusion coefficient in slime coating.

Figure 12. Sulfate ion profile after 40 years.

The analysis results showed that the service life was 83 years when the sulfate diffusion coefficient
of the coating layer was 0.1 × 10−12 m2/s, but it decreased to 50.5, 43, 40.5, and 39.5 years as the diffusion
coefficient increased to 0.3, 0.6, 0.9, and 1.2 × 10−12 m2/s, respectively.

5. Conclusions

In this study, the service life of a concrete sewage treatment structure was evaluated using
the experimental values of the bio-slime coating layer and the diffusion model that considered
multi-layers. The derived results are as follows:

(1) The literature survey revealed that the chloride and sulfate diffusion coefficients are proportional
to the square root of the molar ratio. The experimental values and the previously proposed values
indicated that the ratio of the sulfate diffusion coefficient to the chloride diffusion coefficient
ranges from 0.38 to 0.50. In this study, the service life was evaluated using this relationship;

(2) When the Atkinson model was used for the sewage culvert box, its service life was evaluated to be
38.5 years under the conditions of a 60 mm cover thickness and a 5000 ppm sulfate concentration.
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When the critical sulfate concentration was assumed to be 0.18%, the service life by the diffusion
law was evaluated to be 49.1 years;

(3) The sulfate diffusion coefficient of the slim coating layer that considered the reduced diffusion ratio
ranged from 0.27 × 10−12 to 1.31 × 10−12 m2/s, resulting in the excellent diffusion reduction. When
there was no coating layer, the service life was evaluated to be 38.5 years under the conditions
that considered concrete properties (30% slag substitution, water to binder ratio of 0.4, and cover
thickness of 60 mm). Simple bio-slime coating increased the service life to 41.5–54.3 years. In
addition, although the thickness of the slime coating layer was 2.0 mm, the service life could
be significantly increased to 50.5–83 years if the sulfate diffusion coefficient of the coating layer
could be controlled between 0.1 × 10−12 and 0.3 × 10−12 m2/s;

(4) The diffusivity of the bio-slime coating materials (EV-immob-polymer) derived by the experiment
is approximately 0.3 × 10−12 m2/s. As bio-slime coating materials are highly resistant to wetland
and sulfate exposure conditions, they are expected to be very effective in extending the service
life of the existing concrete structures by reducing deterioration.

Author Contributions: Conceptualization, K.-H.Y. and S.-J.K.; formal analysis, S.-J.K.; investigation, K.-Y.Y.;
validation, H.-S.L.; writing—original draft preparation, H.-S.L.; writing—review and editing, S.-J.K. and H.-S.L.;
funding acquisition, S.-J.K. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the Basic Science Research Program through the National Research
Foundation of Korea (NRF) funded by the Ministry of Science, ICT & Future Planning (No. 2015R1A5A1037548)
and also supported by a grant (17SCIP-B103706-03) from the Construction Technology Research Program funded
by the Ministry of Land, Infrastructure and Transport of the Korean government.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Song, H.W.; Kwon, S.J. Permeability characteristics of carbonated concrete considering capillary pore
structure. Cem. Concr. Res. 2007, 37, 909–915. [CrossRef]

2. Arya, C.; Buenfeld, N.R.; Newman, J.B. Factors influencing chloride binding in concrete. Cem. Concr. Res.
1990, 20, 291–300. [CrossRef]

3. Hilsdof, H.K.; Kroff, J. Performance Criteria for Concrete Durability; Rilem Report 12; Taylor & Francis:
Milton Park, UK, 1995.

4. Kheder, G.F.; Al Rawi, R.S.; Al Dahi, J.K. Study of the behavior of volume change cracking in base-restraint
concrete wall. ACI Mater. J. 1994, 91, 150–157.

5. Tulliani, J.M.; Montanaro, L.; Negro, A.; Collepardi, M. Sulfate attack of concrete building foundations
induced by sewage waters. Cem. Concr. Res. 2002, 32, 843–849. [CrossRef]

6. Santhanam, M.; Cohen, M.D.; Olek, J. Modeling the effects of solution temperature and concentration during
sulfate on cement mortars. Cem. Concr. Res. 2002, 32, 585–592. [CrossRef]

7. Zhang, W.Q.; Liu, L.X.; Dai, D.H. Experimental study of concrete corroding in brine and fresh water under
dry-wet circulation. J. Qinghai Univ. 2006, 4, 25–29.

8. Zhang, M.; Yang, L.M.; Guo, J.J.; Liu, W.L.; Chen, H.L. Mechanical properties and service life prediction of
modified concrete attacked by sulfate corrosion. Adv. Civ. Eng. 2018, 2018, 1–7. [CrossRef]

9. Atkinson, A.; Hearne, J.A. Mechanistic model for the durability of concrete barriers exposed to
sulphate-bearing groundwaters. Mrs Online Proc. Libr. Arch. 1989, 176, 149–156. [CrossRef]

10. Lee, H.J.; Cho, M.S.; Lee, J.S.; Kim, D.G. Prediction model of life span degradation under sulfate attack
regarding diffusion rate by amount of sulfate ions in seawater. Int. J. Mater. Mech. Manuf. 2013, 1, 251–255.
[CrossRef]

11. Hadjmeliani, M. Degradation of sewage pipe caused Sinkhole: A real case study in a main road. In
Proceedings of the AFM, Association Francaise de Mecanique, Lyon, France, 24–28 August 2015.

12. Nel, D.T.; Haarhoff, J. The failure probability of welded steel pipelines in dolomitic areas. J. S. Afr. Inst.
Civ. Eng. 2011, 53, 9–21.

13. Yang, K.H.; Yoon, H.S.; Lee, S.S. Feasibility tests toward the development of protective biological coating
mortars. Constr. Build. Mater. 2018, 181, 1–11. [CrossRef]

145



Materials 2020, 13, 1512

14. Siddique, R.; Chahal, N.K. Effect of ureolytic bacteria on concrete properties. Constr. Build. Mater. 2011, 25,
3791–3801. [CrossRef]

15. Zhong, W.; Yao, W. Influence of damage degree on self-healing of concrete. Constr. Build. Mater. 2008, 22,
1137–1142. [CrossRef]

16. Willems, A.; Gillis, M.; De Ley, J. Transfer of rhodocyclus gelatinosus to rubrivivax gelatinosus gen. nov., comb.
nov., and phylogenetic relationships with Leptothrix, Sphaerotilus natans, Pseudomonas saccharophila, and
Alcaligenes latus. Int. J. Syst. Evol. Microbiol. 1991, 41, 65–73. [CrossRef]

17. Kwon, S.J. Effect of mineral admixture on CO2 emissions and absorption in relation to service life and
varying CO2 concentrations. Int. J. Sustain. Build. Technol. Urban Dev. 2016, 7, 165–173. [CrossRef]

18. Moon, H.Y.; Shin, D.G.; Choi, D.S. Evaluation of the durability of mortar and concrete applied with inorganic
coating material and surface treatment system. Constr. Build. Mater. 2007, 21, 362–369. [CrossRef]

19. Tambe, S.P.; Jagtap, S.D.; Chaurasiya, A.K.; Joshi, K.K. Evaluation of microbial corrosion of epoxy coating by
using sulphate reducing bacteria. Prog. Org. Coat. 2016, 94, 49–55. [CrossRef]

20. Fagerlund, G. Modeling the service life of concrete exposed to frost. In Proceedings of the International
Conference on Ion and Mass Transport in Cement-Based Materials, American Ceramic Society, University of
Toronto, Toronto, ON, Canada, 4–5 October 1999; pp. 195–217.

21. Lee, B.Y.; Ismail, M.A.; Kim, H.J.; Yoo, S.W.; Kwon, S.J. Numerical technique for chloride ingress with cover
concrete property and time effect. Comput. Concr. 2017, 20, 185–196.

22. Andrade, C.; Diez, J.M.; Alonso, C. Mathematical modeling of a concrete surface “skin effect” on diffusion in
chloride contaminated media. Adv. Cem. Based Mater. 1997, 6, 39–44. [CrossRef]

23. ACI Committee. Building Code Requirements for Structural Concrete: (ACI 318-99) and Commentary (ACI
318R-99); American Concrete Institute: Farmington Hills, MI, USA, 1999.

24. ACI Committee. ACI Committee 365: Service Life Prediction: State-of-the Art Report; American Concrete
Institute: Farmington Hills, MI, USA, 2000.

25. Mehta, P.K.; Monterio, P. Concrete: Structure, Properties, and Methods; Prentice-Hall International Series in
Civil Engineering and Engineering Mechanics: Englewood Cliffs, NJ, USA, 1993.

26. Yungsan-Sumjin River Committee. The Pollution Loadings Characterization by Drain Process Types in Sewer
Systems; Techinical Report; Honam University: Gwangju, Korea, 2007.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

146



materials

Article

Modeling and Design of SHPB to Characterize Brittle
Materials under Compression for High Strain Rates

Tomasz Jankowiak 1, Alexis Rusinek 2,3 and George Z. Voyiadjis 4,*

1 Institute of Structural Analysis, Poznan University of Technology, Piotrowo 5, 60-965 Poznań, Poland;
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Abstract: This paper presents an analytical prediction coupled with numerical simulations of a
split Hopkinson pressure bar (SHPB) that could be used during further experiments to measure the
dynamic compression strength of concrete. The current study combines experimental, modeling and
numerical results, permitting an inverse method by which to validate measurements. An analytical
prediction is conducted to determine the waves propagation present in SHPB using a one-dimensional
theory and assuming a strain rate dependence of the material strength. This method can be used by
designers of new SPHB experimental setups to predict compressive strength or strain rates reached
during tests, or to check the consistencies of predicted results. Numerical simulation results obtained
using LS-DYNA finite element software are also presented in this paper, and are used to compare
the predictions with the analytical results. This work focuses on an SPHB setup that can accurately
identify the strain rate sensitivities of concrete or brittle materials.

Keywords: concrete; dynamic compression; Split Hopkinson Pressure Bars (SPHB); brittle materials;
simulation

1. Introduction

Protection of buildings and structures in emergency situations is a key issue that needs to be
addressed [1]. Prevention in such situations is the most important element of a protection system,
especially in cases of critical infrastructure facilities. However, despite precautions, accidents and
disasters sometimes occur. These are often of an urgent nature and can result in constructions (or
their parts) being subjected to fast dynamic loads that correspond to high energy transfers with short
loading times, which can lead to the damage or failure of a structure. Such situations may be related
to the occurrence of a sudden load (e.g., a shock wave) caused by the blast of an explosive material
or the impact of a bullet or some other object flying at a high velocity [2]. Predicting the effects of
such a sudden load is particularly difficult because there is 100% certainty of the scale of damage
and failure (and any possible preservation of building integrity) only after it has already occurred.
Of course, it is possible in some instances to conduct experimental research on a smaller scale, but this
only applies to selected structural elements [3]. Another solution is the use of advanced computer
simulations that can accurately determine the dynamic behavior of a building and its structure in the
event of a sudden dynamic load. However, the precision of calculations in these cases depend on
many factors, such as the methods used in the calculations, how precisely the geometry of the structure
under consideration was modeled and the interaction of components and behaviors of the materials

Materials 2020, 13, 2191; doi:10.3390/ma13092191 www.mdpi.com/journal/materials147



Materials 2020, 13, 2191

from which the analyzed object was built. In the case of building structures, brittle materials such
as glass or concrete are also often used for construction. The latter is often used particularly for the
construction of reinforced concrete structural elements. The behavior of concrete, especially in the
case of dynamic loads when high deformation speeds occur, is very complex [4]. This aspect—namely,
how to determine the sensitivity of concrete during dynamic compression and then correctly determine
the parameters of a constitutive model that could be used in concrete simulations—will be considered
in detail in this work.

A description of dynamic material behavior is generally difficult to assess in the case of brittle
materials. Different experimental techniques must be coupled in order to cover such a wide range of
strain rates, as shown in Table 1 and reported in [5,6]. For example, using metallic materials or polymers,
the specimen must have a length of a few millimeters when using Kolsky bars [6–11]. However,
in the case of concrete, the length must be equal to tens of millimeters (~50 mm) in order to obtain
a representative macroscopic behavior, due to the microstructure and inclusions size. In this work,
the aggregate size is between 0.0075 to 5 mm and corresponds to specific cases of clay, sand and gravel
with a maximum diameter of 5 mm. For this reason, in brittle materials such as concrete, strain rates
are relatively reduced due to the length of the specimen. Moreover, as the material behavior [12–14]
in compression is different in comparison with tensile one [12,15,16], different experimental setups
are necessary. In this work, a technique based on dynamic compression is described that allowed the
material behavior of brittle materials to be defined for a large range of strain rates varying from 1
to 1000 (s−1). The setup used was based on the Kolsky bar setup [7,8]. The equilibrium of the force
impulses on both sides of the specimen during a test is crucial to use the elastic waves theory to
determine the macroscopic behavior of the material sandwiched between the two elastic bars.

Table 1. Experimental techniques for specific strain rates.

Experimental Technique Strain Rates in Metals (s−1) Strain Rates in Brittle Materials (s−1)

Servo-hydraulic machines 10−6 to 100

Specialized machines 100 to 102

Conventional Kolsky bar 102 to 104 101 to 103

Miniaturized Kolsky bar 104 to 105

Plate impact 105 to 107

A schematic description of a setup used for the brittle materials such as ceramic [17], glass or
concrete is presented in Figure 1. Using this setup, it is possible to define dynamic material behaviors
and strengths at high strain rates under compression [7,8]. This work presents an optimal configuration
of the device by which to obtain the dynamic compressive strength of concrete at high strain rates
close to 1000 (s−1), and this comprised a projectile and a concrete specimen sandwiched between
two long elastic bars termed the input and output bars (see Figure 1). During the test, the projectile
(striker) impacts the input bar with an initial impact velocity V0, inducing an incident elastic wave.
The compressive incident wave (σI, εI) then propagates along the input bar with a velocity C0.
When the incident wave reaches the geometrical discontinuity between the input bar and the specimen,
one part is reflected (σR, εR) and one part is transmitted (σT, εT), due to the difference of the mechanical
impedance Z. Using the three wave measurements coupled to the theory of elastic waves [6,7,10,16],
the average material behavior σ

(
ε,

.
ε, T
)

and the dynamic compressive strength fcd
( .
εd
)

for brittle
materials can be obtained (this will be described in the next section). It should be noted that the
waves were measured in the middle of the bars using resistance gauges to avoid the problem of
wave superposition.
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Figure 1. Schematic description of the split Hopkinson pressure bars (SHPBs) for dynamic compression.

A typical three-wave measurement is reported in Figure 2. The pulse shaping method is not used
in order to avoid smoothing the elastic wave signal and obtain a representative measurement related to
the split Hopkinson pressure bars (SHPBs) [18–21]. It should be noted that a pulse shaper is frequently
used to test brittle materials [20,21], as it increases the rising time and causes the strain rate to be both
more constant and lower (see Figure 2). A comparison of waves for two examples (with and without a
copper shaper) is presented in Figure 2. The material parameters for the copper are taken from [22].
The dimensions of the cylindrical copper shaper are as follows: 20-mm diameter and 1-mm thickness.

Figure 2. Elastic wave history signal using SHPB (numerical results with and without shaper) for an
initial impact velocity of V0 = 10 m/s.

According to the CEB (Comité Euro-international du Béton) [23,24], the strength of concrete
is highly strain-rate sensitive and can be defined using the compressive dynamic increase factor
(CDIF) [23,24] as follows:

CDIF
( .
εd
)
=

fcd
( .
εd
)

fcs
=

⎧⎪⎪⎪⎨⎪⎪⎪⎩
( .
εd.
εcs

)1.026α
i f

.
εd ≤ 30 s−1

γ
.
εd

1/3 i f
.
εd > 30 s−1

. (1)

In Equation (1), fcd is the dynamic compressive strength of concrete for a strain rate
.
εd imposed on

the material. The value
.
εcs = 0.00003s−1 is defined as a reference strain rate [23,24], and corresponds to

the value used to obtain the quasi-static compressive strength of concrete fcs. The parameters γ and α
are defined by the CEB with γ = 106.156α−0.49 and α = 1/(5 + 9 fcs/10). The values proposed by the
CEB correspond to the experimental data reported by Bischoff and Perry (1991) [25]. The compressive
dynamic increase factor (CDIF) is a function of strain rate (according to the CEB), as reported in
Figure 3.
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Figure 3. The compressive dynamic increase factor (CDIF) for concrete as a function of the strain rate.

Additionally, experimental data have also been reported to define the strain rate sensitivity of
concrete under compression [25], and data expressing different trends other than those identified by
the CEB can be seen in Figure 3 [24,26,27]. Despite these results, the authors assume in this paper that
concrete under dynamic compression behaves in accordance with CEB recommendations, which does
not limit the whole analysis, because this trend is only one example. This is particularly important
when using the presented analysis to study the dynamic strength of modern high-strength concrete or
other brittle-like materials. The effect of strain rate sensitivity on the dynamic strength of concrete
is quite high during compression when compared with its effect in other materials [6,11,21,22]. As a
result, it is important to consider it to properly estimate the dynamic behavior of structures subjected
to extreme impulsive loading [23].

2. SHPB Technique for Concrete—Analytical Description

To understand the real experimental measurements for the dynamic compression of concrete (a
highly strain-rate-sensitive material), a new analytical technique should be used in comparison with
compression of the metals [22]. The new analytical description should take into account the strain
rate sensitivity of the material during the splitting of the incident wave into reflected and transmitted
waves. The procedure used to estimate mechanical properties and errors during experiments may be
estimated by coupling predictions based on Equation (2) with a full 3D numerical model that considers
a nonlinear process not considered in the simple elastic wave theory. Assuming no dispersions of the
elastic waves due to the Pochhammer–Chree effect related to the bar geometry (by considering an
instantaneous rising time, which is not the case during experiments), the average mechanical behavior
(stress–strain curve) and the compressive strength are defined using Equations (2) coupled o the three
waves described previously in Figure 2:

.
ε(t) =

2CA
LC
εR(t) (2-a)

ε(t) =
2CA
LC

∫ t

0
εR(t)dt (2-b)

σ(t) = EA

( rA
rB

)2
εT(t) (2-c)

All the necessary quantities including material parameters and geometry dimensions are defined
explicitly in Tables 2 and 3. Analyzing the previous equations, the average stress in the specimen σ(t)
(Equation (2-c)) may be defined using the transmitted wave εT(t). In addition, the reflected wave
εR(t) is used to calculate the strain rates

.
ε(t) (Equation (2-a)) and strain ε(t) (Equation (2-b)) induced
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to the concrete specimen with time. During the experiment, it was clear that the strain rate was
non-constant and depended on the hardening and strength of the material. As the deformation of
concrete or other brittle materials is smaller than in metals or polymers, a short projectile LP can be
used. It should be noted that the projectile length is proportional to the loading time of the specimen
tloading = 2LP/CA. To make clearer all quantities defined for the calculations, the following indexes are
used: aluminum (A), concrete (C) and steel (S), as reported in Table 2. Moreover, for concrete testing,
the material used to design the bars and the projectile is frequently made of an aluminum alloy due its
low mechanical impedance Z (ZA = 38.9 kg/s) (Equation (3-a)):

ZA = ACAρA (3-a)

ZC = ACCρC (3-b)

Table 2. Material parameters of the experimental setup from Figure 1.

Material Value (Units)

Aluminum alloy
Young’s modulus, EA 70,000 (MPa)

Density, ρA 2700 (kg/m3)
Elastic wave speed, CA =

√
EA/ρA 5091.8 (m/s)

Concrete C30/37
Young’s modulus, EC 26,357 (MPa)

Density, ρC 2450 (kg/m3)
Elastic wave speed, CC =

√
EC/ρC 3280.0 (m/s)

Table 3. Geometry dimensions of the experimental setup from Figure 1.

Part Value (Units)

Bars and projectile
Input and output bar length, LA 1 (m)

Length of the projectile, LP 0.15 (m)
Radius of the projectile and bars, rA 0.023 (m)

Specimen
Length of the specimen, LC 0.05 (m)
Radius of the specimen, rC 0.02 (m)

The value obtained for aluminum is close to the one for the concrete specimen (ZC = 22.7 kg/s)
(Equation (3-b)). The value is obtained assuming a circular cross section A = πr2 with a radius of
r = 30 mm. For comparison, the mechanical impedance of a steel bar is equal to ZS = 114 kg/s.
Thus, the impedance of concrete is 1.71 times smaller than the impedance of an aluminum alloy and
5.04 times smaller than steel. Additionally, a subscript C means concrete, A refers to aluminum and S
is steel. Therefore, the amplitude of the transmitted wave is reduced if steel bars are used to test the
concrete material [19].

The incident stress σI and the elastic strain intensity εI can be determined if the initial impact
velocity and the physical parameters of the bars are known [11,22]:

σI =
ρACAV0

2
and εI =

σI

EA
(4)

The strain and stress values depend on the material properties of the input bar and of the
projectile and its initial impact velocity V0. The intensity of the transmitted wave εT is calculated using
Equations (1) and (5):

σT = fcd
( .
εd
)( rc

rA

)2
and εT =

σT

EA
(5)

151



Materials 2020, 13, 2191

Finally, the reflected wave εR is calculated as the difference between the incident (Equation (4))
and transmitted (Equation (5)) waves, assuming force equilibrium:

σR = σI − σT and εR =
σR

EA
(6)

The average strain rate and strain induced to the concrete specimen can be calculated as follows:

.
εd =

2CA
LC
εR and εd =

.
εdΔt (7)

The set of Equations (1)–(7) were solved considering the geometry of the bars, the projectile,
the specimen and the initial impact velocity of the projectile. The values fcd,

.
εd, εd, (σI, εI), (σR, εR)

and (σT, εT) were calculated using the Newton–Raphson iterative algorithm.
Based on the previous analytical description, the material parameters and the geometry of the

setup and specimen (Tables 2 and 3, respectively), it can be observed that the incident stress intensity
increased with the initial impact velocity (Figure 4a). As reported before, at 30 m/s the stress level
of the compressive wave was about 206 MPa (Figure 4a). This value must be smaller than the yield
stress of the aluminum to avoid plastic deformation. The stress intensity in the specimen and its
dynamic strength were calculated based on the transmitted wave amplitude using Equation (2-c).
Equation (5) was used to predict the average value of the stress and strain if the transmitted wave in
the middle of the output bar is known. Moreover, the reflected wave was used to calculate the strain
rate and the strain in the specimen using Equation (2-a,b). To predict the average strain rate during
the test, Equations (6) and (7) were used, and showed an increase in the strain rate tied to the initial
impact velocity. As an example, for an initial impact velocity of V0= 30 m/s, the stress intensity of the
reflected wave was equal to 125 MPa, while the strain rate was close to 362 (s−1) (Equations (6) and (7),
respectively).

 
(a) (b) 

Figure 4. (a) Dependency of the incident, transmitted and reflected stress intensity for different
initial impact velocities; (b) relation between the dynamic concrete strength and the intensity of the
transmitted wave.

Both trends shown in Figure 4a are nonlinear (i.e., transmitted wave and reflected wave;
Equations (5) and (6), respectively). Only the intensity of the incident wave is linear (Equation (4)).
It should be added that the limit of this simplified analysis is the yield stress of the input bar material.
It is also important to note that real maximum stress intensities of the incident wave were higher during
short periods of time than the theoretical one calculated for the Pochhammer–Chree effect [6,11,22].

The following section concerns designing the experimental setup, and it addresses what to change
in order to obtain the maximum possible strain rate from the experiments.
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It is well known that increasing the bar radius and assuming a constant specimen radius (20 mm in
this work) increases the strain rate, as shown in Figure 5. For example, assuming a bar radius of 23 mm
(1.15 times larger than the concrete specimen radius), the maximum strain rate is about 531 (s−1),
while the maximum strain rate is about 714 (s−1) for a radius of 43 mm (2.15 times larger than the
concrete specimen radius) (Figure 5). However, this technique of changing the bar diameter is not the
most appropriate way to increase the strain rate. Based on the previous results, Figure 5, it is observed
that the rising strain rate is faster with the diameter bar increase allowing to reach a bigger value for the

strain rate for an imposed impact velocity (∼ 714 s−1
∣∣∣40 m/s
∅=43 mm and ∼ 531 s−1

∣∣∣40 m/s
∅=23 mm). Moreover, it is

possible to increase the strain rate by changing the initial length of the specimen. Based on the current
configuration (SPHB with a bar diameter of 23 mm), the strain rate varies from 531 to 815 (s−1) if the
specimen length decreases from 50 to 30 mm (Figure 6). By coupling the changing of both variables
(using a bar radius of 43 mm and a short specimen of 30 mm), it is possible to reach a maximum
strain rate close to 1166 (s−1). Concerning the analytical approach, the dynamic strength of concrete
according to CEB was assumed to estimate the transmitted and reflected wave intensities. For a strain
rate equal to 1166 (s−1), the CDIF is equal to 5.3 (strength 159 MPa). However, the size cannot decrease
continuously for concrete, since the material behavior must be representative and the aggregate sizes
must be considered. Thus, the specimen must be designed considering the representative elementary
volume (REV) [28,29].

Figure 5. The effect of the initial impact velocity on the strength and strain rate for different radii of the
transmitted bar (23, 33 and 43 mm).

Figure 6. Effect of the initial impact velocity on the strength and strain rate for different lengths of the
specimen (50, 40 and 30 mm).

The above calculations and analysis should be used to design the setup geometry and its
configuration in order to obtain the correct and expected stress levels or strain rates during experiments.
It can be useful to test specific concrete types such as ultra-high strength concrete (UHSC) with a static
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compressive strength close to 100 MPa. The proposed analytical approximation can be used with
success to predict the effects of a strong strain rate sensitivity on the material behaviors of concrete or
other brittle materials in SHPB testing.

3. Simulation of the SPHB Technique for Material Characterization of Concrete at High
Strain Rates

The following numerical simulations present how it is possible to describe the dynamic
compressive strength and strain rate of concrete during dynamic failure using the SHPB technique.
Previously neglected effects (dispersion of the wave and loading time) were revealed in the results
of a full three-dimensional model. The simulation corresponding to the process of elastic wave
propagation and related to the SHPB technique was performed using an explicit integration scheme
in LS-DYNA [30]. All parts of the SPHB setup were considered: projectile, input and output bars,
as well as the specimen. Their geometry and dimensions are presented in Figure 1 and reported in
Table 3. The model was discretized by hexagonal eight-node finite elements constant stress, with a
total number of 50,000 elements (Figure 7). The finite element length in the projectile, bars and
specimen was 0.006 m, while the fine mesh size was 0.003 m. The simulations using the above model
considered all additional effects [22,31], including the punching effect and geometrical dispersion of
the waves. The elastic properties are reported in Table 2. In addition, in order to define the behavior of
the specimen, a continuous-damage surface cap model was used [32–34]. This advanced model for
concrete considers strain rate sensitivity. Contact with a friction coefficient equal to zero was assumed
between all parts of the SHPB. The results of the simulation were intended for comparison with the
simplified theory (Section 1), which is why a no-friction condition was assumed. In general, the authors
acknowledge that friction conditions are very important in many dynamic tests (e.g., with SPHB for
metals [22]). As an example, using the configuration described in this paper and considering friction
values equal to μ = 0.6 and μ = 0, a stress increase of approximately 7% and a strain rate decrease of
approximately 5% could be observed.

Figure 7. Discretization of the finite element model to simulate dynamic compression of concrete.

In addition, the continuous-damage surface cap model was used to simulate the concrete behavior
and its properties at high strain rates. The parameters were obtained by calibrating a typical concrete;
namely, C30 grade. A detailed description of the model is reported in [32–34]. In this paper,
the assumptions of the model are presented and reported in Appendix A only considering the material
parameters discussed in Section 3.

Based on the previous numerical solutions, experiments were mimicked and the same values
were measured as the three elastic waves propagating along the two elastic bars. Before using the
previous analysis (Equation (2-a–c)), the key point was to demonstrate that force equilibrium was
reached during dynamic loading. In the following curves, 30 m/s was reported for impact velocity and
0.05 m was reported for length of the specimen in regards to the three waves after the shifting time to
zero, Figure 8a. Based on this, a comparison can be done between the input and output forces. It can
be observed that there was good agreement corresponding to force equilibrium (Figure 8b). It should
be noted that force equilibrium was also reached also for other cases, including a shorter specimen
with a length of 0.025 m.
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(a) (b) 

Figure 8. (a) Elastic waves measured during the dynamic compression of concrete with an impact v
elocity 30 m/s (length of the specimen 0.05 m); (b) force equilibrium, input and output forces.

Once the force equilibrium has been reached and achieved a conservation of energy and quantity
of movement, the theory of elastic waves may be used to described the material behavior of concrete
under dynamic loading. Even if the transmitted wave seems large, the strain applied stays relatively
small, as shown in Figure 9. The strain was less than 2%, which demonstrates the brittle behavior
of concrete.

Figure 9. Material behavior description of concrete under dynamic compression based on the process
of elastic wave propagation with an impact velocity of 30 m/s (strain rate 435 (s−1)).

The material behavior (Figure 9), which was defined by applying the elastic waves theory to the
elastic waves propagating along the bars (Figure 8), was in agreement with previous experiments
performed on concrete (e.g., [24,35,36]).

4. Parametric Study Concerning the Main Crucial Material Parameters

Concerning all assumptions described in Appendix A, the most important to consider in this
analysis is the strain rate sensitivity of concrete under compression. Additionally, the damage
mechanism and regularization process by the fracture energy will be discussed and presented in the
subsequent sections.

4.1. Analysis of Strain Rate Sensitivity in Compression

The main parameters allowing the strain rate sensitivity of concrete under dynamic compression
to be described are η0c and Nc (see Appendix A). The usual values assumed for C30 concrete are
1.003× 10−4 1/s and 0.78, respectively [32,33]. Using these values and simulating material behaviors
under dynamic compression, it can be observed that the predicted dynamic strength of concrete is
below the CEB recommendation (Figure 10) [23,25]. Thus, the dynamic behavior of concrete has been
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underestimated in compression at high strain rates [25]. The numerical model has shown a trend
during experiments [24,26,27] that is different from the recommendation of the CEB (see Figure 3).
The main parameters used to model the behavior of C30 concrete under dynamic compression are
presented in Table 4.

Figure 10. Comparison of the CEB recommendations with the strain rate sensitivity predicted for
concrete by the continuous damage surface cap model.

Table 4. Main parameters used to predict the dynamic properties of concrete.

Parameter Value (Units)

Articles [32,33]
Fluidity in compression, η0c 0.0001003 (s−1)
Power in compression, Nc 0.78 (-)

Current analysis
Fluidity in compression, η0c 0.00012 (s−1)
Power in compression, Nc 0.58 (-)

The real strain rate sensitivity presented in Figure 10 must be used to correctly simulate the material
behavior in order to later define the response of a structure designed with concrete. A more appropriate
approximation by which to estimate the real behavior of concrete under dynamic compression for
a large range of strain rates using the SHPB technique can be obtained for η0c = 1.2× 10−4 1/s and
Nc = 0.58 (Figure 10). The CEB approximation function is identified based on experimental results
reported in Figure 10. In addition, the strain rates for which the SHPB technique is valid are shown.
Points 11-a, 11-b, 12-a and 12-b in Figure 10 are obtained based on the numerical results defined in
Figure 11a,b and Figure 12a,b. The strain rate and the stress level correspond to the maximum value of
the signal reached on time.

The numerical simulations of the dynamic compression of concrete were analyzed in detail for
two initial impact velocities: 10 and 30 m/s. The results of the numerical simulations were compared
with the CEB [23], which was the best fit for several experimental results.

To avoid plastic deformation of the bars and to have pure elastic wave propagation, the yield
stress of a bar was assumed equal to 250 MPa (see Figure 4a). Simulations were performed for both
sets of constitutive parameters presented in Table 4. The results of the previous parameters for both
impact velocities are presented in Figure 11, and for the results of the current set of parameters are
shown in Figure 12. The wave intensity from the simulations in term of stress in the middle of the
input and output bars (lines “Input (Sim)” and “Output (Sim)”, respectively) are compared to the
analytical predictions described previously assuming an ideal rectangular elastic wave pulse (called
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“Analytical”). For the plots in Figures 10 and 11, the stress history in the middle of the specimen
(line “Specimen (Sim)”) is also shown based on the simulations. The dashed lines (which describe
the dynamic strength according to the CEB, based on the previous analysis) are also presented (line
“Strength (Approx)”). At a lower initial impact velocity of 10 m/s, the strength of concrete agreed for
both sets of parameters (Table 4 and Figure 11a,b). For higher initial impact velocities, only the new set
of parameters described in this current work allowed results to be obtained that were in agreement
with the CEB recommendations (Figure 12b).

(a) (b) 

Figure 11. Waves in simulations of dynamic compression using SHPB for parameters from the previous
work [32,33]; (a) 10 m/s, (b) 30 m/s.

Figure 12. The waves in simulation of dynamic compression using SHPB for parameters from the
current work; (a) 10 m/s, (b) 30 m/s.

The analysis showed that material model parameter identification should be conducted using the
geometry and complexity of the whole SPHB experimental setup (including the projectile, bars and
specimen) in cases of brittle materials with a high strain rate sensitivity.

4.2. Analysis of Mesh Size Sensitivity

The pathological influence of finite element discretization (mesh size) is an important
problem during concrete simulation due to the softening effect (decreasing of the stress with
strain) [37–39]. This problem has been investigated, and several results and studies have been
reported in several articles and books. The two methods of regularization for this phenomenon have
been well acknowledged (on the level of mathematics or numerical formulation). The first group of
regularization methods has included strain rate-dependent models in which the stress state depends
on the speed of deformation [40,41]. This method is mainly used under dynamic loadings. This group
also includes the Cosserat and micropolar models, which are used for soil and granular media
descriptions [42]. To model damage and failure in concrete, non-local models may be used [43,44],
as well as higher-order gradient models [45–50]. Non-local models have introduced an averaging
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function that converts local variables into non-local ones according to a specific weight function.
There was a possibility to regularize the problem at the level of numerical formulation by explicitly
introducing the width of plastic zone deformation localization in the finite element [51]. In addition,
automatic re-meshing of finite elements has been used based on a local error caused by large gradients
of internal variables. Discontinuity of the displacement field inside the finite element has also been
introduced [52], and this has led to regularizing the problem. All the aforementioned methods of
regularization have been introduced into the material model with an internal characteristic length scale.

For the calculations presented in this article, the authors used a material model with a fracture
damage energy coupled to visco-plasticity (see Equations (A1)–(A9) in Appendix A) to regularize
the solutions [33], and the important material parameters G f c and B (the fracture energy in uniaxial
compression and the compression shape softening parameter, respectively) were considered. The values
of these parameters for C30 are 6.838 MPa·mm and 100, respectively [32,33]. The simulations were
done for two different finite element meshes. The coarse one was previously presented in Figure 7,
and a fine one corresponded to the one-half element size. Finally, the size of the mesh in concrete was
6 or 3 mm (fine mesh), while it was 6 mm in the bars and projectile. The numerical results in term of
elastic waves along the input and output bars are presented in Figure 13.

Figure 13. Mesh size sensitivity in a simulation of dynamic compression using SHPB for an initial
impact velocity equal to 30 m/s.

The mesh size sensitivity of the numerical results is acceptable (small enough) to assume that
the results were not mesh size dependent. Based on these curves the behavior (stress-strain and
strain-rate curves) for both cases was also similar. The model combined with the analyzed material
model behavior was correct, and a mesh size dependency was not observed.

4.3. Analysis of the Fracture Energy in Compression Sensitivity

The stress-strain curve may vary for different kinds of concrete. The slope of the curve in the
unloading part is crucial. It is important to know whether the curve can be measured using the SPHB
technique. The main parameter measured up to now has been strength. However, the addition of
some components as aggregates or fiber reinforcements in the concrete can change other mechanical
properties. A parametric study was conducted to prove that potential changes in the softening curve
shape of a material can be defined and observed during dynamic testing. The analysis was conducted
by considering the changes of the two material parameters G f c and B (Table 5). During the simulations
the values from Table 5 were used: Example 1 concerned the default values of both parameters;
in Example 2, the value of the fracture energy in uniaxial compression G f c was divided in two;
in Example 3, the value was defined using a default fracture energy, but the compressive shape
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softening parameter B was 10 times smaller; and finally, in Example 4, both changes were used in
the simulations.

Table 5. Main parameters used to predict the fracture energy sensitivity.

Examples Parameter Value (Units)

Example 1
(default)

Fracture energy in uniaxial compression, G f c 6.838 (MPa·mm)
Compressive shape softening parameter, B 100 (-)

Example 2 Fracture energy in uniaxial compression, G f c 3.419 (MPa·mm)
Compressive shape softening parameter, B 100 (-)

Example 3 Fracture energy in uniaxial compression, G f c 6.838 (MPa·mm)
Compressive shape softening parameter, B 10 (-)

Example 4 Fracture energy in uniaxial compression, G f c 3.419 (MPa·mm)
Compressive shape softening parameter, B 10 (-)

The results corresponding to all previously described examples are reported in Figure 14a,b.
For better visibility, only the transmitted and reflected waves are presented in the figure. It is clear that
by decreasing the fracture energy G f c and the compressive shape softening parameter B, the material
starts to become more brittle.

Figure 14. Parametric study concerning G f c and B on the process of dynamic compression using SHPB
for an initial impact velocity equal to (a) 20 m/s and (b) 30 m/s.

All effects are reported in Figure 14 in terms of elastic wave propagation. As can be observed,
the material behavior definition based on the analysis of wave propagation changed depending on the
parameters used (Table 5). The incident wave was not affected, since it is related to the initial velocity,
the length of the projectile and the mechanical properties of the input bar. The analysis has shown
that if the softening of the specimen changes (increasing: material becomes more brittle; decreasing:
material becomes more ductile) then it is possible to see the effect on the elastic waves. The effect is
visible on the transmitted and the reflected waves. The behavior in Example 4 is more brittle because
the stress intensity is lower than in Example 1. This is observable especially for a higher impact velocity
(30 m/s; Figure 14b) than for a lower impact velocity (20 m/s; Figure 14a). This is the main reason that
the stress intensity of the reflected wave (strain rate of the test) was higher.

5. Conclusions

The dynamic behavior of concrete during impact or a blast is very often analyzed using numerical
simulations. During these kinds of loadings, high strain rates are reached and observed in the material.
To predict the material’s behavior and dynamic strength, very precise tests and dynamic measurements
are necessary, as has been discussed in this paper. Experimental results are then used to calibrate
the concrete material model parameters. If the initial boundary value problem is used to simulate
the dynamic behavior of the structure with the correct material model, its prediction will agree with
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the experimental observations. The following main concepts and results are presented in detail in
this article:

• An analytical solution to predicting stress and strain wave intensities was presented. This could
be used to simplify the design process of SHPB and check consistency in further experimental
test results.

• The effect of the initial impact velocity of the projectile on the strength and strain rate reached in
the specimen was determined for different bar diameters.

• A method to calibrate the material model for concrete including strain rate sensitivity was
presented. A numerical simulation was used to find a correct value of the parameters that define
the strain rate sensitivity. As discussed, the original parameters have very low values of dynamic
strength for compressed concrete in comparison with the analytical solution.

• The presented analysis proved that the solution was not sensitive to mesh size. The important
aspect is that possible changes in fracture energy during compression or the shape of the softening
(descending) part of the curve can be identified using this experimental technique.

• This work assumes that the concrete specimen is in equilibrium during the simulations, and that
the friction coefficient has limited influence on the final results.

For each case considered in this work, the previous dynamic experimental results recommended
by the CEB as CDIF were compared with the numerical results. This work may be used to summarize
the design process of SHPB for concrete to reach a certain strain rate. Extension of the analysis to
other classes of concrete (concrete C30 was assumed) or glass is possible using the same procedure.
These new materials (e.g., ultra-high performance concrete) can also be tested using the setup described
herein. However, a limitation is imposed not to exceed the yield stress of the Hopkinson bars.
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Appendix A

The following explanation of the constitutive model for concrete is presented mainly based on the
literature [32–34]. The authors present only the most important assumptions of the model discussed
and analyzed in Section 3 of this paper.

The first assumption is that shear and the bulk moduli allow one to describe the elastic state of the
material considered. The plasticity model depends on the first invariant of the stress tensor J1, as well
as on the second J′2. For triaxial compression, the plastic potential is limited by the cap hardening
function. The yield surface describes the shear failure limited to torsion and triaxial tension by the
Rubin scaling function [32–34].

Using a visco-plastic formulation, it is possible to consider the strain rate sensitivity of a material.
Thus, a visco-plastic stress tensor without damage σvp

ij is defined as follows:

σ
vp
ij = (1− γ)σT

ij + γσ
p
ij (A1)

where σT
ij is the trial elastic stress and σp

ij is the inviscid plastic stress tensor. The viscous variable γ is
calculated using Equation (A2):

γ =
Δt/η

1 + Δt/η
(A2)
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where η is the effective fluidity coefficient, which is calculated independently in compression (or in
shear) and in tension using the following formulation:

η = ηs +

(
J1√
3J′2

)pwrc

(ηc − ηs) compression

η = ηs +

(
−J1√

3J′2

)pwrt

(ηt − ηs) tension
(A3)

where ηt, ηc and ηs are calculated as follows:

ηt =
η0t
.
ε

Nt
, ηc =

η0c
.
ε

Nc
and ηs = Srateηt (A4)

where the material parameters η0t, η0c, Nt, Nc, Srate, pwrc and pwrt describe the strain rate sensitivity of
the material model, and the variable

.
ε describes the effective strain rate in the material.

Using the continuous damage surface cap model [32–34], the scalar damage variable d is used to
describe the stress tensor with damage σd

ij based on the visco-plastic stress tensor without damage σvp
ij

as follows:
σd

ij = (1− d)σvp
ij (A5)

Two independent damage mechanisms exist related to compression (or shear) and tension. Both
are initiated by plasticity, since the initial damage surface coincides with the plastic shear function [33].
Therefore, two energetic criteria are used to describe the damage initiation (Equation (A6)) and its
evolution (Equation (A7)).

The damages are initiated when the energy-type terms τc (in compression) and τt (in tension)
exceed a damage threshold defined as r0c or r0t. The first invariant of the stress tensor J1 is related to
the compressive or tensile state, as follows:

τc =
√

1
2σi jεi j if

{
J1

τc ≥ r0c

compression
energy

τt =
√

Eε2
max if

{
J1

τt ≥ r0t

tension
energy

(A6)

The damage initiations are dependent on the elastic-plastic stress tensor σi j and strain tensor εi j,
or to the maximum main strain εmax for the case corresponding to tension. The damage thresholds are
calculated using the internal procedure of LS-DYNA.

Two softening functions d are used independently related to compression (or in shear) and tension:

d(τc) =
dmax

B

[
1+B

1+Be−A(τc−r0c)
− 1
]

compression

d(τt) =
0.999

D

[
1+D

1+De−C(τt−r0t)
− 1
]

tension
(A7)

where A and C are equal to the characteristic finite element length lch. Moreover, the variable A may be
reduced as reported in Equation (A8). The internal parameter dmax is the maximum damage level:

A = A(dmax + 0.001)pmod (A8)

where parameters B, D and pmod describe the shape of the softening functions in compression and
in tension.
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This model allows one to assure the uniqueness of the solution, which does not depend on mesh
size and allows the problem to be regularized using material softening. The fracture damage energy
G f depends on the damage mechanism (state of stress):

G f = G f s +

(
J1√
3J′2

)pwrc(
G f c −G f s

)
compression

G f = G f s +

(
J1√
3J′2

)pwrt(
G f t −G f s

)
tension

(A9)

where G f s, G f t and G f c describe the fracture energy in shear, tension and compression, respectively;
the coefficients pwrc and pwrt are the parameters used to describe the transition from shear to tension
and from shear to compression [33], and have the same values as in Equation (A3). The fracture
damage energy also depends also on the strain rate. All material parameters for concrete C30 have
been previously reported (e.g., [32–34]). In Section 3, only the parameters strongly influencing the
results are discussed.

References

1. Gebbeken, N.; Warnstedt, P.; Rüdiger, L. Blast protection in urban areas using protective plants. Int. J.
Prot. Struct. 2017, 9, 226–247. [CrossRef]

2. Hao, Y.; Zhang, X. Aspecial issue on protective structures against blast and impact loading. Int. J. Prot. Struct.
2018, 9, 3. [CrossRef]
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Abstract: In this study, the carrier effect of zeolite sands in reducing the autogenous shrinkage and
optimizing the microstructure of ultra-high-performance concrete (UHPC) is studied. Pre-wetted
calcined zeolite sand (CZ), calcined at 500 ◦C for 30 min, and natural zeolite sand (NZ), with 15
wt.% and 30 wt.% in UHPC, are used to partially replace standard sands. On that basis, a series of
experiments are executed on the developed UHPC, including compressive strength, autogenous
shrinkage, X-ray diffraction (XRD), and isothermal calorimetry experiments. With the increase of
the zeolite sand content, the autogenous shrinkage of UHPC decreases gradually. Moreover, when
the added CZ content is 30 wt.% (CZ30 specimen), it is effective in reducing autogenous shrinkage.
Meanwhile, at the age of 28 days, the compressive strength of CZ30 is 97% of the control group. In
summary, it is possible to effectively reduce the autogenous shrinkage of UHPC containing 30 wt.%
CZ, without sacrificing its mechanical properties.

Keywords: calcined zeolite sand; ultra-high-performance concrete; pre-wetted; autogenous shrinkage;
internal curing

1. Introduction

In recent years, due to the increasing demand for concrete, ordinary and high-performance
concrete (HPC) may not meet actual engineering needs. Thus, ultra-high-performance concrete (UHPC)
is of increasing interest to researchers. Compared with ordinary concrete, UHPC shows a more dense
microstructure and excellent compressive strength, because it contains a large amount of cement-based
materials, has a low water/binder (w/b) ratio, and uses a large number of superplasticizers [1,2].
In addition, the durability of ultra-high-performance concrete has been significantly improved, so
UHPC could be used under more severe conditions. However, it must be considered that, due to the
influence of a range of factors—such as a high cementitious material content and low w/b ratio—UHPC
experiences autogenous shrinkage at an early age [3]. Compared with ordinary concrete, UHPC is
more prone to cracking in the early stage [4]. The influence of early cracking, caused by restrained
autogenous shrinkage, even limits the application of UHPC [5,6]. Therefore, solving the problem of
the autogenous shrinkage of UHPC is urgently required.

Researchers have studied the following five methods to reduce the occurrence of the autogenous
shrinkage of UHPC: (1) the control of the hydration reaction; (2) reduction of the internal restraint;
(3) reduction of the surface tension of the pore solution; (4) formation of expansive products; and (5)
replenishment of water through internal curing. Of these five methods, internal curing is considered
to be the most effective and straightforward method [7]. Superabsorbent polymer (SAP) [8,9] and
lightweight aggregates (LWA) [10,11] are considered to be two common internal curing materials.
While SAP is very effective in reducing autogenous shrinkage, it also introduces additional pores
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into the concrete structure due to its water swelling effect, resulting in a reduction in the compressive
strength of the concrete structure [12]. It was confirmed by Sun et al. [13] that the incorporation of
SAP reduced the compressive strength, and the compressive strength decreased with the addition of
SAP. In the study of Farzanian et al. [14], it was also concluded that the addition of SAP reduces the
compressive strength of cement slurry in cement pastes with a high density of macrovoids. However,
in other studies of concrete mixed with SAP, some researchers have come to the opposite conclusion.
Bentz et al. [15] measured compressive strength development in experiments carried out for mortar
mixes with w/b = 0.35, with and without SAP (0.4% relative to binder mass). After 28 days of curing,
mortar with SAP showed higher compressive strength than the reference mortar; the values were 73
and 61 MPa, respectively. Similarly, Woyciechowski and Kalinowski [16] studied the influence of the
dosing method of SAP on the effectiveness of the concrete. It was found that the 28-day compressive
strength of concrete with an activated small particle size (150–850 μm) of SAP was higher than that
of the control specimen. In summary, the effect of SAP on strength depends on the system being
studied. Compared with SAP, LWA can reduce the autogenous shrinkage of concrete, but whether the
compressive strength of the concrete structure is reduced depends on the type of LWA material [17].
Wang et al. [18] studied the effects of three different types of pre-wetted LWA (fly ash-clay ceramsite,
shale ceramsite, and clay ceramsite) on the compressive strength and shrinkage of concrete and found
that LWA will reduce the compressive strength of concrete. Liu et al. [10] also studied the effect of
saturated coral aggregate (SCA) with UHPC and found that, although the autogenous shrinkage is
reduced, the mechanical properties are also lost. The most widely used materials for LWA are different
types of sand. However, the LWA material used in this paper is zeolite sand. Zeolite sand not only
can effectively change the mechanical properties of concrete structures, but is also an environmentally
friendly material that can be used for gas purification [19,20]. While ordinary natural zeolite sand can
absorb a certain amount of water due to its fine pore structure, it has difficulty in completely releasing
most of the absorbed water. The crystal structure of zeolite sands can be destroyed by heat treatment
to significantly increase their water absorption capacity, while the zeolite sand porosity is changed by
particle agglomeration [21]. According to the literature [22], increasing the water absorption of zeolite
sand by calcination is very effective. Zhang et al. [23] used calcined zeolite particles with an average
size of 0.18 mm as the internal curing agent of high-strength concrete, and it was confirmed that the
calcined zeolite increased the internal relative humidity of the concrete and reduced the shrinkage.
Zhang et al. [24] also applied pre-wetted calcined zeolite particles in a high-strength engineered
cementitious composite, and more than 60% of autogenous and/or drying shrinkage at 28 days was
reduced while the strength of the composite remained as high as the reference specimen. Some zeolite
powders were also used to mitigate the autogenous shrinkage of concrete. Pezeshkian et al. [25]
studied the effect of different percentages of silica fume replaced with natural zeolite powder (25%,
50%, 75%, and 100%) on the autogenous shrinkages and mechanical properties of UHPCs. It showed
that with UHPC in which 50% in volume of natural zeolite was used as a substitute for silica fume,
the 28- and 90-day compressive strengths were only slightly lower than that of reference specimen.
Meanwhile, an increasing number of researchers have found that fine lightweight aggregates can react.
Li et al. [26] analyzed the pore solution and found that the expanded shale and clay can reduce the
alkalinity, as well as increase the aluminum content, in the pore solution. Suraneni et al. [27] found
that finely ground lightweight aggregate is pozzolanic and participates in the hydration. In this paper,
we also found that zeolite sand is not inert.

In practical engineering applications, most construction workers are highly interested in
maintaining a similar compressive strength while reducing the autogenous shrinkage of concrete.
The aim of this paper is to use pre-wetted zeolite sand to replace a portion of the standard sand
in UHPC in order to significantly reduce the autogenous shrinkage of UHPC, without a significant
loss of strength caused by adding the zeolite sand. The research methods implemented include
water absorption, autogenous shrinkage, compressive strength, X-ray diffraction, and isothermal
calorimetry tests.
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The innovations of this paper are summarized as follows: Firstly, we find the use of 30 wt.%
calcined zeolite sand can reduce the autogenous shrinkage of UHPC without reducing its compressive
strength. Secondly, we find zeolite sand is not chemically inert, and the dissolution of fine zeolite sand
particles changes the alkali ion concentration of the solution, accelerates the early binder hydration, and
promotes the setting of the binder. Finally, the calcination can increase the water-absorbing capacity of
zeolite sand and the internal curing effect of zeolite sand is enhanced after calcination.

2. Materials and Methods

2.1. Materials and Sample Preparation

In this paper, zeolite sands with minimum and maximum particle sizes of 1 mm and 3 mm,
respectively, were used as internal curing agents of UHPC. To observe the influence of calcined zeolite
sand on UHPC, natural zeolite sand particles were heated for 30 min in a muffle furnace at 500 ◦C.
Figure 1 shows calcined zeolite sand after being calcined by a muffle furnace. The binder materials
included Type I ordinary Portland cement (OPC) and silica fume (SF).

Figure 1. Zeolite sands used to replace standard sand: (a) natural zeolite sand; (b) calcined zeolite sand.

The chemical compositions of cement, silica fume, and zeolite sand, measured by X-ray fluorescence
(XRF), are shown in Table 1.

Table 1. Chemical compositions of cement, silica fume, and zeolite sand

Materials SiO2 Al2O3 Fe2O3 CaO MgO SO3 ZnO K2O P2O5 Loss

Cement (%) 21.65 5.57 2.45 62.68 2.60 2.34 0.11 1.08 0.10 0.46

Silica fume (%) 93.80 0.93 0.56 0.518 0.66 0.23 0.16 1.76 0.08 0.63

Zeolite sand (%) 65.35 13.58 1.61 1.95 1.35 15.8

The XRF fused cast bead method (ISO 12677:2003) was used in the sample preparation
(XRF-Scientific, Tokyo, Japan). Samples of lithium tetraborate and lithium metaborate (each ~4 g) and
a test sample (~0.8 g) were mixed for preparing the beads. The resistance furnace was heated to a fixed
temperature of 1025 ± 25 ◦C [28].

Microscopic observation of the sheet samples was performed using a high-resolution field emission
scanning electron microscope (S-4300, Hitachi, Tokyo, Japan) with an acceleration voltage of 1.5 kV
and an emission current of 7000 nA. The zeolite sands were broken, and the inner sheet was selected
for testing. Prior to microscopic observation, the surface of the samples was coated with platinum for
30 min using a Hitachi E-1010 ion sputterer (Tokyo, Japan) [28]. As shown in Figure 2, compared with
natural zeolite sand, calcined zeolite sand has more pores and even a greater porosity distribution. A
fine aggregate (standard sand), with a maximum particle size of 3.0 mm, was used. The SEM images of
the natural zeolite sand and calcined zeolite sand are shown in Figure 2.
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Figure 2. SEM images: (a) natural zeolite sand; (b) calcined zeolite sand.

To achieve the objectives of this study, two sets of tests were conducted. In the first test group, the
natural zeolite sand was used as the internal curing agent, and the additional amounts were 15 wt.%
and 30 wt.% of standard sand, respectively. The UHPC specimens are marked as NZ15 and NZ30.
In the second test group, calcined zeolite sand was used as an internal curing agent, and the additional
amounts ware 15 wt.% and 30 wt.% of standard sand, respectively. The UHPC specimens are marked
as CZ15 and CZ30. The water absorbed by the zeolite sands, before setting, has no effect on the porosity
of the concrete and is therefore not considered to be part of the ‘water/cement ratio’ of a particular
concrete mixture [29]. The mixture proportions of the UHPC specimens are shown in Table 2.

Table 2. Mix proportions of ultra-high-performance concretes (UHPCs)

Number
Binder /% Sand/

Binder
Water/
Binder

Zeolite Sand/
Sand %

Superplasticizer/
Binder %Cement Silica Fume

Z0 85 15 1.5 0.2 0 3
NZ15 85 15 1.5 0.2 15 3
NZ30 85 15 1.5 0.2 30 3
CZ15 85 15 1.5 0.2 15 3
CZ30 85 15 1.5 0.2 30 3

This paper focuses on the internal curing effect of zeolite sand on strength and autogenous
shrinkage. Since steel fiber is mainly used to improve the ductility of UHPC, and ductility is not the
aim of this paper, we did not use fiber.

Figure 3 shows detailed information on the mixing procedure, adopted to produce
self-curing UHPCs.

The natural zeolite sand and calcined zeolite sand, soaked in water for 48 h, were taken out.
The soaked zeolite sands were unfolded with a paper towel, and a paper towel was placed on the
surface of the zeolite sands to dry the surface of the zeolite sands [30]. The above steps were repeated
until a color change in the paper towel could not be visually detected. At this point, it was assumed
that the zeolite sands had reached a surface drying state [31]. All binders, standard sand, and zeolite
sands are placed in a mortar mixer and stirred at a low speed for 30 s. Water, uniformly mixed with
SP, was added to the solid material and stirred at a low speed for 150 s. The process was stopped for
30 s, and the powder that was not sufficiently contacted on the paddles and inner wall of the mortar
mixer was scraped. The mixture was further stirred at a high speed for 180 s, and then the mortar was
poured into a mold for shaping and curing.
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Figure 3. Detailed information on the mixing procedure adopted to produce self-curing UHPCs.

2.2. Test Methods

2.2.1. Water Absorption

Since the absorption of water by the zeolite sand specimens occurs over time, to determine the
absorption of water changing with time, the volumetric flask test was used to determine the saturation
of the zeolite sand specimens for 24 h. The specimens were placed in an oven at 105 ◦C for 24 h and
cooled for another 24 h. The measuring method of water absorption was the same as that used in [32].
Of the sample, 100 g was put into a 250 mL volumetric flask. Deionized water was added to about
80% of the volumetric flask, which was then stirred manually for 2–3 min to remove bubbles between
the zeolite sands. After stirring, and after the zeolite sand particles were submerged, the horizontal
position of the liquid in the volumetric flask was observed, and extra water was added to make the
water level in the volumetric flask reach its pre-marked standard horizontal position. As the deionized
water was continuously absorbed by the zeolite sand particles, the level of the liquid decreased. Within
the specified time intervals (approximately 10 min, 20 min, 30 min, 1 h, 3 h, 4 h, 5 h, 6 h, 24 h, 36 h,
and 48 h), additional water was added to the flask to ensure that the liquid level reached the standard
calibration. The total quality and actual measurement time were recorded. It should be noted that
the flask needed to be stirred for about 30 s to remove the bubbles between the zeolite sand particles
before each addition of water.

2.2.2. Autogenous Shrinkage

A corrugated tube method, based on ASTM C1698–09 [33], was used to measure the linear
autogenous shrinkage of cement mortars. A corrugated tube with concrete was placed on the steel
support, and one end of the corrugated tube was absorbed by a magnet. The other end was in contact
with a linear variable differential transducer (LVDT) to measure the deformation throughout the
experiment. The LVDT collected data through computation every 10 min. The whole setup was
maintained in a constant temperature humidity chamber at 20 ◦C, until the test age of 7 days. It should
be noted that in order to avoid a large quantity of entrapped air in the test specimens, mixtures were
slowly poured into the corrugated mold with the vibrating table turned on.

2.2.3. Compressive Strength Test

The compressive strength of the designed UHPC was tested (Shin Gang, Seoul, Korea), based
on the ASTM C39 [34]. The cement mortars were manufactured as a standard specimen, with a size
of 50 mm × 50 mm × 50 mm, and the compressive strengths at 3, 7, and 28 d were measured. All
specimens were sealed and cured at a temperature of 20 ◦C.
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2.2.4. X-Ray Diffraction

X-ray powder diffraction (XRD) analysis was conducted on the raw materials (natural zeolite
sand and calcined zeolite sand) and the samples (after 28 days of curing) after the hydration stoppage
treatment. The solvent exchange method was used for hydration stoppage of the hydrated samples [35].
We ground the 5 g of hydrated samples into a powder. The powder was then immersed in 150 mL of
isopropanol (CP grade) for 15 min. The suspension was vacuum filtered, rinsed once with isopropanol,
and rinsed twice with ether (CP grade). The filtered solids were dried in a drying oven at 40 ◦C
for 8 min. Finally, the dried powder was stored in a vacuum dryer. Testing of samples should be
performed as soon as possible, preferably within two days. The raw materials and samples were
ground until the sample surface was flat and smooth. The sample surface area and thickness was
large enough to avoid beam overflow and sample transparency aberrations [36]. XRD was carried out
using a Panalytical X’pert-pro MPD diffractometer (Panalytical, Almelo, The Netherlands), with CuKα

radiation (λ = 1.5404 Å) [37]. The measurements were conducted in the 2θ range of 5◦–70◦, with a 2θ
scan rate of 0.1◦/min.

2.2.5. Isothermal Calorimetry

In previous studies, most of the specimens for isothermal calorimetry were pastes, without a fine
aggregate. These studies ignored the effect of fine aggregates on the heat of hydration. Conversely, in
this study, to clarify the effect of fine zeolite aggregates on the heat of hydration, a mortar specimen with
a fine zeolite aggregate was used for isothermal calorimetry. The heat release rate and accumulated
hydration heat of the adhesives were measured using a TAM-Air (TA Instruments, New Castle, DE,
USA) for 72 h at 20 ◦C. Due to the low water binders (w/b = 0.2), all mortars were mixed by a mortar
mixer and transferred to glass bottles [38].

3. Results and Discussions

3.1. Water Absorption

Figure 4 shows the water absorption after the natural zeolite sand and the calcined zeolite sand
had been dried for 48 h. Both zeolite sands absorbed most of the water within the first 6 h.

Figure 4. Square root of time vs. water absorption of zeolite sands, before and after calcining.

The water absorption of the natural zeolite sand reached 7.78% in the first 6 h, while the calcined
zeolite sand reached 22.67%. The total water absorption increased with time, and the final water
absorption of the natural zeolite sand reached 8.08%, while the calcined zeolite sand reached 23.43%.
The water absorption of the calcined zeolite sand was higher than that of the natural zeolite sand.
This is due to the initial physical bonding water present in the natural zeolite sand being evaporated

170



Materials 2020, 13, 2356

during heating, resulting in more pores becoming empty. Similar results were obtained in [39].
The experimental results are in good agreement with the SEM images, shown in Figure 2.

3.2. Autogenous Shrinkage

All the mortars are placed in a corrugated tube, and the autogenous shrinkage of the mortars,
during the 7-day period, was measured using the deformation measurement setup. The test data are
shown in Figure 5.

Figure 5. Development of the autogenous shrinkage of all mixtures for 7 days.

The control group is labeled as Z0, and the test pieces with the calcined zeolite sand, containing
15 wt.% and 30 wt.%, are labeled as CZ15 and CZ30, respectively. The test pieces with natural zeolite
sand, containing 15 wt.% and 30 wt.%, are labeled as NZ15 and NZ30, respectively. It is observed in
Figure 5 that the overall trend is that the shrinkage of the specimens decreases with the increased
number of zeolite sand particles. Because zeolite sand absorbs additional water as a self-curing agent,
parts of the self-curing agents are released with the binder hydration, and the released internal curing
water fills the air space formed inside the UHPC due to chemical shrinkage, reducing the occurrence of
autogenous shrinkage strain [40].

First, the shrinkage of Z0 increases rapidly within the first 12 h and slowly increases after 12 h.
However, specimens containing calcined or natural zeolite sand remain unchanged after the inflection
point. This is because the addition of zeolite sand is equivalent to adding a reservoir to the cement
and, with the binder hydration, the internal curing water of zeolite sand is released and continues
to participate in the hydration reaction, thus slowing down the occurrence of autogenous shrinkage.
Similar results have been confirmed in previous studies [39,41].

Second, calcined zeolite sand is more effective in reducing the autogenous shrinkage of the
specimens. The shrinkage of the specimens containing calcined zeolite sand (CZ15 = −458.293
μm/m, CZ30 = −239.947 μm/m) is lower than that of specimens containing natural zeolite sand
(NZ15 = −692.952 μm/m, NZ30 = −595.542 μm/m). This means that the modification of zeolites is more
helpful in improving the storage capacity of pores. While the specimens contain the same amount of
zeolite sand, the calcined zeolite sand absorbed more internal curing water than the natural zeolite
sand. The specimens containing the calcined zeolite sand released more internal curing water, and
the released internal curing water increased the relative humidity inside the UHPC. Consequently,
the shrinkage of the specimens with calcined zeolite sand is smaller than that of the specimens with
natural zeolite sand.

3.3. X-Ray Diffraction (XRD)

XRD measurements were conducted on both the natural zeolite sand and calcined zeolite sand,
and the experimental results are shown in Figure 6.
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Figure 6. XRD patterns of natural zeolite sand and calcined zeolite sand.

Calcined zeolite sand belongs to the heulandite series, which includes a kind of thermally stable
heulandite zeolite (CaO·Al2O3·7SiO2·5H2O), synthesized by CaO·Al2O3·7SiO2 in the temperature range
of 250–360 ◦C. The calcined zeolite sand belongs to the epistilbite series (CaO·Al2O3·5.5SiO2·5H2O),
synthesized by the CaO·Al2O3·5.5SiO2 composite [42]. Due to the change of temperature during the
calcination process, the crystal shapes of the zeolites are changed, but there is no change in the chemical
compositions. Previous studies have shown that calcining natural zeolite will lead to a collapse of
crystal structures [43]. There is also an unnamed zeolite phase and mineral impurities, such as quartz.

The XRD patterns of mortars at the curing age of 28 days are presented in Figure 7.

Figure 7. XRD patterns of UHPC casting for 28 days.

Since the diffraction peak of the sand would cause interference, a 2θ degree between 5 and 20◦ is
selected. Compared with the control group, no new hydration products are generated, because no new
peaks appeared. This is mainly because zeolite sands, as lightweight aggregates added to concretes, do
not participate in a binder hydration reaction.

According to the peak of calcium hydroxide in the Figure 7, compared with the control group, Z0,
the peak of calcium hydroxide increased significantly with the addition of zeolite sand.

This is because the specimens containing zeolite sands contain more internal curing water [44].
With the occurrence of the cement hydration reaction, the water in the reservoir is released to further
promote cement hydration, and more hydration products are obtained. Since zeolite sands are placed
into the system as lightweight aggregates, the zeolite sands themselves do not participate in the early
cement hydration reactions. The Ca(OH)2 peak of UHPC, containing calcined zeolite sand, is higher
than that containing natural zeolite sand, mixed with the same content. This is because the calcined
zeolite sand can absorb more internal curing water, which is later released to further participate in a
hydration reaction. More hydration products are produced, leading to an increase in the peaks of the
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hydration products. The difference between the corresponding Ca(OH)2 peaks in CZ15/30 and those
in NZ15/30 are not obvious. XRD qualitative analysis method can determine the type and relative
quantity of hydration productions, but it cannot determine the specific amount of hydration products.
Therefore, the XRD qualitative analysis is not the best method of analyzing the degree of hydration.
TGA can be used as a quantitative analysis method to measure the content of chemically bound water
and calcium hydroxide. Compared with XRD qualitative analysis, TGA is a much better way to
determine the degree of hydration, and a TGA experimental study will be conducted in the future.

3.4. Isothermal Calorimetry

All mortars were mixed by a mortar mixer and transferred to a TAM-Air. The heat release rate
and accumulated hydration heat of the adhesives were measured using a TAM-Air for 72 h at 20 ◦C.
According to the hydration heat release curve of mortars, the cement hydration could be divided into
five periods: (1) initial (pre-induction) period; (2) induction period; (3) acceleration (post-induction)
period; (4) deceleration period; and (5) diffusion period [45]. Because the mortar mixing takes place
outside the glass bottles, it is difficult to fully capture the peak of the first period. In this study, Z0
represents a control group; CZ15 and CZ30 represent UHPCs doped with 15 wt.% and 30 wt.% of
calcined zeolite sand, respectively; and NZ15 and NZ30 represent UHPC doped with 15 wt.% and 30
wt.% of natural zeolite sand, respectively.

As shown in Figure 8a, in the initial period, compared with the control group, Z0, the heat release
rate of self-curing UHPC increased because of the addition of zeolite sand.

Figure 8. Isothermal calorimetry curves of UHPCs for 72 h: (a) heat flow curves; (b) cumulative
heat curves.

For the UHPC containing calcined zeolite sand, as the content of calcined zeolite sand increased,
the heat release rate of mortars accelerated. The heat release rate of mortars containing 30 wt.% of
zeolite sand was the highest in the same group, which may be due to the addition of a large amount
of zeolite sand, since soluble zeolite sand particles increase the content of alkali ions [1]. The same
phenomenon is observed in mortars containing natural zeolite sand.

In the acceleration period, the time at which heat flow peaks of each hydration heat level appear
are in the order of NZ30 > CZ30 >NZ15 > CZ15 > Z0. This is because some small zeolite sand particles
are dissolved, and the alkali ion concentration is increased, which accelerates the binder hydration,
causing the setting time to increase. During the deceleration period, it could be observed that the
slope of the heat release rate curve of CZ15 was the same as that of CZ30 with respect to the hydration
reaction. The slope of the heat release rate curve of NZ15 was the same as that of NZ30 with respect to
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the hydration reaction. Finally, in the diffusion period, the heat release rates of the mortars containing
calcined zeolite sand and natural zeolite sand were higher than those of the control group, Z0.

Figure 8b describes the total heat release of the mortars within 72 h. It can be observed that the
total heat released from self-curing UHPC is higher than that of the control group, Z0. The heat release
of CZ30 is 260.84 J/g, which is the highest among all specimens. For the mortars mixed with natural
zeolite sand, the heat release of NZ30 is higher than that of NZ15 at the initial stage of hydration, and
the intersection point appears at about 20 h. After the intersection point, the heat release of NZ15 is
higher than that of NZ30 at the later stage of hydration. At the age of 3 days, the heat release of NZ15
(188.71 J/g) is greater than that of NZ30 (178.81 J/g), which is caused by the heat release rate of NZ15 in
the hardening deceleration stage being higher than that of NZ30.

3.5. Compressive Strength

The compressive strength, measured by cube specimens with dimensions of 50 mm × 50 mm × 50 mm,
of UHPC at 3, 7, and 28 days, is shown in Figure 9.

Figure 9. Compressive strength change of UHPCs at 3, 7, and 28 days.

At an age of 3 days, compared with the Z0, with the addition of zeolite sand, the compressive
strength decreased. This is because zeolite sand is a porous material, and the addition of zeolite sand
increases the porosity of concrete. Moreover, with the content of natural zeolite sand increasing from
15 wt.% to 30 wt.%, the compressive strength decreased because of the negative effect of porous zeolite
sands. The compressive strengths of the NZ15 and NZ30 specimens are similar to those of CZ15 and
CZ30 at early ages.

However, up to the age of 28 days, the compressive strengths of NZ15 (87.13 MPa) and NZ30
(83.56 MPa) are smaller (15.51% and 18.97%) than those of Z0 (103.12 MPa). The negative effect seems
to have been compensated for. The compressive strength of CZ30 increases significantly, achieving
99.29 MPa, which is close to the compressive strength of Z0—about 103.12 MPa. The compressive
strengths of CZ15 and CZ30 are 6% and 3.7%, which are lower than that of Z0. This may be due to
the release of internal curing water in the zeolite sands, which fills the pores in the zeolite sands and
improves the compressive strength of UHPC [39].

From 3 to 28 days, the incremental degree of strength for Z0 and CZ30 is different due to the effect
of internal curing. The incremental degree of strength equals the ratio of the strength at 28 days to the
strength at 3 days, and, regarding the increment degree of strength, Z0 increased by 1.64 (103.12/62.93
MPa) and CZ30 increased by 2.06 (99.29/48.18 MPa). The compressive strength of CZ30 increased more
obviously. This is mainly because the addition of zeolite sand increased the porosity of the specimens.
However, as the hydration reaction proceeds, the release of the internal curing water of the reservoir
promotes the hydration of the cement, which significantly increases the compressive strength of the
specimen at a later age. Therefore, the use of calcined zeolite sand as an autogenous curing agent has
no obvious impairing effect on the compressive strength of UHPC.
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3.6. Discussion

UHPC can be divided into two types, namely, precast UPHC and cast-in-place UHPC. For
cast-in-place UHPC, autogenous shrinkage is an essential constraint because UHPC has a very low
water-to-binder ratio. Construction companies are urgently seeking a solution to mitigate or minimize
autogenous shrinkage without impairing the strength. In this study, we find the calcined zeolite
sand is an effective internal curing material for UHPC. Compared with the control specimen, the
autogenous shrinkage of concrete with 30% calcined zeolite sand is significantly lower while the 28-day
compressive strength is similar.

On the other hand, the compressive strength of the UHPC designed in this paper did not reach
150 MPa (the general strength of UHPC). This may due to many factors affecting the strength of UHPC,
such as: fibers [46], binder composition [47], particle size distribution, compactness of aggregate,
and curing procedure [48]. The addition of fiber can improve the strength and ductility of concrete.
The early-age high temperature curing may also contribute to the strength increment of concrete [49].
In addition, calcined-zeolite sand has some weak points; for example, the intrinsic porosity of the
calcined zeolite sand may decrease the compactness of UHPC. These weak points should be further
studied in future research [11,50].

4. Conclusions

Studying the effects of natural zeolite sand and calcined zeolite sand on the properties of UHPC,
the following conclusions can be drawn from the present study:

1. Compared with natural zeolite sand, the water absorption of calcined zeolite sand is obviously
increased. This is due to the initial physical bonding water present in the natural zeolite sand
being evaporated during heating, resulting in more pores becoming empty.

2. The autogenous shrinkage of self-curing UHPC is significantly reduced due to the addition of
zeolite sands. Among the resulting outcomes, the effect of adding calcined zeolite sand to UHPC
is the most obvious. This is because calcined zeolite sand can absorb more internal curing water
before mixing. With the occurrence of the hydration reaction, internal curing water is released to
continue to participate in the hydration reaction, thereby reducing autogenous shrinkage.

3. For specimens with zeolite sand additions, XRD analysis showed that there were no new
hydration-product peaks, indicating that zeolite sand particles do not participate in binder
hydration. The peak of calcium hydroxide increased significantly with the addition of the zeolite
sands. This is because the specimens containing zeolite sands contain more internal curing water.
With the occurrence of the cement hydration reaction, the water in the reservoir is released to
further promote cement hydration, and more hydration products are obtained.

4. It could be observed that the total heat released from self-curing UHPC is higher than that from
the control group, Z0. In the initial period, the heat release rate of self-curing UHPC increased
because of the addition of zeolite sand. As the content of calcined zeolite sand increased, the heat
release rate of the mortars accelerated. In the acceleration period, the time at which heat flow
peaks of each hydration heat level appeared is in the order of NZ30 > CZ30 > NZ15 > CZ15 > Z0.
During the deceleration period, it could be observed that the slope of the heat release rate cures
of CZ15 is the same as that of CZ30 with respect to the hydration reaction. The slope of the heat
release rate cures of NZ15 is the same as that of NZ30 with respect to the hydration reaction.

5. At the age of 3 days, UHPC has a negative effect due to the addition of zeolite sands with pores,
which reduces the compressive strength. However, at the age of 28 days, UHPC with calcined
zeolite sand showed a good compressive strength, compared with the control group. This is
due to the fact that calcined zeolite sand absorbs more internal curing water, and the internal
curing water is released to participate in binder hydration and contributes to the development of
compressive strength.
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In summary, adding 30 wt.% of calcined zeolite sand as an internal curing agent has a positive
effect in reducing the autogenic shrinkage strain of UHPC, without sacrificing compressive strength.

Author Contributions: Conceptualization, X.-Y.W.; Formal analysis, G.-Z.Z.; Funding acquisition, X.-Y.W.;
Investigation, G.-Z.Z.; Methodology, X.-Y.W.; Writing—original draft, G.-Z.Z. and X.-Y.W.; Writing—review and
editing, G.-Z.Z. and X.-Y.W. All authors have read and agreed to the published version of the manuscript.

Funding: This research is supported by the Basic Science Research Program through the National Research
Foundation of Korea (NRF), funded by the Ministry of Science, ICT and Future Planning (no. 2015R1A5A1037548),
and an NRF grant (no. NRF-2020R1A2C4002093).

Conflicts of Interest: The authors declared that they have no conflicts of interest to this work. We declare that we
do not have any commercial or associative interest that represents a conflict of interest in connection with the
work submitted.

References

1. Abdulkareem, O.M.; Fraj, A.B.; Bouasker, M.; Khelidj, A. Mixture design and early age investigations of
more sustainable UHPC. Constr. Build. Mater. 2018, 163, 235–246. [CrossRef]

2. Li, P.P.; Yu, Q.L.; Brouwers, H.J.H. Effect of PCE-type superplasticizer on early-age behaviour of ultra-high
performance concrete (UHPC). Constr. Build. Mater. 2017, 153, 740–750. [CrossRef]

3. Randl, N.; Steiner, T.; Ofner, S.; Baumgartner, E.; Mészöly, T. Development of UHPC mixtures from an
ecological point of view. Constr. Build. Mater. 2014, 67, 373–378. [CrossRef]

4. Ghourchian, S.; Wyrzykowski, M.; Lura, P.; Shekarchi, M.; Ahmadi, B. An investigation on the use of zeolite
aggregates for internal curing of concrete. Constr. Build. Mater. 2013, 40, 135–144. [CrossRef]

5. Buck, J.J.; McDowell, D.L.; Zhou, M. Effect of microstructure on load-carrying and energy-dissipation
capacities of UHPC. Cem. Concr. Res. 2013, 43, 34–50. [CrossRef]

6. Yoo, D.-Y.; Min, K.-H.; Lee, J.-H.; Yoon, Y.-S. Shrinkage and cracking of restrained ultra-high-performance
fiber-reinforced concrete slabs at early age. Constr. Build. Mater. 2014, 73, 357–365. [CrossRef]

7. Yang, L.; Shi, C.; Wu, Z. Mitigation techniques for autogenous shrinkage of ultra-high-performance
concrete—A review. Compos. Part B Eng. 2019, 178, 107456. [CrossRef]

8. Justs, J.; Wyrzykowski, M.; Bajare, D.; Lura, P. Internal curing by superabsorbent polymers in ultra-high
performance concrete. Cem. Concr. Res. 2015, 76, 82–90. [CrossRef]

9. Mo, J.; Ou, Z.; Zhao, X.; Liu, J.; Wang, Y. Influence of superabsorbent polymer on shrinkage properties of
reactive powder concrete blended with granulated blast furnace slag. Constr. Build. Mater. 2017, 146, 283–296.
[CrossRef]

10. Liu, J.; Ou, Z.; Mo, J.; Chen, Y.; Guo, T.; Deng, W. Effectiveness of Saturated Coral Aggregate and Shrinkage
Reducing Admixture on the Autogenous Shrinkage of Ultrahigh Performance Concrete. Adv. Mater. Sci.
Eng. 2017, 2017, 2703264. [CrossRef]

11. Meng, W.; Khayat, K. Effects of saturated lightweight sand content on key characteristics of
ultra-high-performance concrete. Cem. Concr. Res. 2017, 101, 46–54. [CrossRef]

12. Liu, J.; Farzadnia, N.; Shi, C. Effects of superabsorbent polymer on interfacial transition zone and mechanical
properties of ultra-high performance concrete. Constr. Build. Mater. 2020, 231, 117142. [CrossRef]

13. Sun, B.; Wu, H.; Song, W.; Li, Z.; Yu, J. Design methodology and mechanical properties of Superabsorbent
Polymer (SAP) cement-based materials. Constr. Build. Mater. 2019, 204, 440–449. [CrossRef]

14. Farzanian, K.; TeixeiraI, K.P.; Rocha, P.; Carneiro, L.D.S.; Ghahremaninezhad, A. The mechanical strength,
degree of hydration, and electrical resistivity of cement pastes modified with superabsorbent polymers.
Constr. Build. Mater. 2016, 109, 156–165. [CrossRef]

15. Bentz, D.P.; Geiker, M.; Jensen, O.M. On the mitigation of early age cracking. Int. Semin. Self Desiccation III
2002, 3, 195–204.

16. Woyciechowski, P.P.; Kalinowski, M. The Influence of Dosing Method and Material Characteristics of
Superabsorbent Polymers (SAP) on the Effectiveness of the Concrete Internal Curing. Materials 2018, 11,
1600. [CrossRef]

17. Liu, K.; Yu, R.; Shui, Z.; Li, X.; Guo, C.; Yu, B.; Wu, S. Optimization of autogenous shrinkage and microstructure
for Ultra-High Performance Concrete (UHPC) based on appropriate application of porous pumice. Constr.
Build. Mater. 2019, 214, 369–381. [CrossRef]

176



Materials 2020, 13, 2356

18. Wang, X.F.; Fang, C.; Kuang, W.Q.; Lin, D.W.; Han, X.; Xing, F. Experimental investigation on the compressive
strength and shrinkage of concrete with pre-wetted lightweight aggregates. Constr. Build. Mater. 2017, 155,
867–879. [CrossRef]

19. Ackley, M.W.; Rege, S.U.; Saxena, H. Application of natural zeolites in the purification and separation of
gases. Microporous Mesoporous Mater. 2003, 61, 25–42. [CrossRef]

20. Klaysom, C.; Shahid, S. Chapter 6—Zeolite-based mixed matrix membranes for hazardous gas removal. Advanced
Nanomaterials for Membrane Synthesis and Its Applications; Elsevier: Amsterdam, The Netherlands, 2019;
pp. 127–157.

21. Ates, A.; Hardacre, C. The effect of various treatment conditions on natural zeolites: Ion exchange, acidic,
thermal and steam treatments. J. Colloid Interface Sci. 2012, 372, 130–140. [CrossRef]

22. Inglezakis, V.J.; Zorpas, A.A. Natural Zeolites Structure and Porosity; Bentham Books: Bacau, Romania, 2012;
p. 14, ISBN 9781608054466.

23. Zhang, J.; Wang, Q.; Ding, X.; Zheng, X. High-strength concrete mixture with calcined zeolite particles for
shrinkage reduction. Mag. Concr. Res. 2019, 71, 690–699. [CrossRef]

24. Zhang, J.; Wang, Q.; Zhang, J. Shrinkage of internal cured high strength engineered cementitious composite
with pre-wetted sand-like zeolite. Constr. Build. Mater. 2017, 134, 664–672. [CrossRef]

25. Pezeshkian, M.; Delnavaz, A.; Delnavaz, M. Effect of Natural Zeolite on Mechanical Properties and
Autogenous Shrinkage of Ultrahigh-Performance Concrete. J. Mater. Civ. Eng. 2020, 32, 04020093. [CrossRef]

26. Li, C.; Thomas, M.D.A.; Ideker, J.H. A mechanistic study on mitigation of alkali-silica reaction by fine
lightweight aggregates. Cem. Concr. Res. 2018, 104, 13–24. [CrossRef]

27. Suraneni, P.; Fu, T.; Azad, V.J.; Isgor, O.B.; Jason, W. Pozzolanicity of finely ground lightweight aggregates.
Cem. Concr. Compos. 2018, 88, 115–120. [CrossRef]

28. Lin, R.-S.; Park, K.-B.; Wang, X.-Y.; Zhang, G.-Y. Increasing the early strength of high-volume
Hwangtoh–cement systems using bassanite. J. Build. Eng. 2020, 30, 101317. [CrossRef]

29. Bentz, D.P.; Snyder, K.A. Protected paste volume in concrete: Extension to internal curing using saturated
lightweight fine aggregate. Cem. Concr. Res. 1999, 29, 1863–1867. [CrossRef]

30. Holm, T.A.; Ooi, O.-S.; Bremner, T.W. Moisture Dynamics in Lightweight Aggregate and Concrete. In
Proceedings of the 6th International Conference on the Durability of Concrete, Thessaloniki, Greece, 1–7
June 2003.

31. Castro, J.; Varga, I.D.L.; Weiss, J. Using Isothermal Calorimetry to Assess the Water Absorbed by Fine LWA
during Mixing. J. Mater. Civ. Eng. 2012, 24, 996–1005. [CrossRef]

32. Castro, J.; Keiser, L.; Golias, M.; Weiss, J. Absorption and desorption properties of fine lightweight aggregate
for application to internally cured concrete mixtures. Cem. Concr. Compos. 2011, 33, 1001–1008. [CrossRef]

33. ASTM C1698. Standard Test Method for Autogenous Strain of Cement Paste and Mortar; ASTM International:
West Conshohocken, PA, USA, 2014.

34. ASTM International. Standard Test Method for Compressive Strength of Cylindrical Concrete Specimens; ASTM
International: West Conshohocken, PA, USA, 2016.

35. Snellings, R.; Chwast, J.; Cizer, Ö.; De Belie, N.; Dhandapani, Y.; Durdzinski, P.; Elsen, J.; Haufe, J.; Hooton, D.;
Patapy, C.; et al. Report of TC 238-SCM: Hydration stoppage methods for phase assemblage studies of
blended cements—Results of a round robin test. Mater. Struct. 2018, 51, 111. [CrossRef]

36. Scrivener, K.; Snellings, R.; Lothenbach, B. A Practical Guide to Microstructural Analysis of Cementitious Materials;
CRC Press: Boca Raton, FL, USA, 2016.

37. Lin, R.-S.; Wang, X.-Y.; Lee, H.-S.; Cho, H.-K. Hydration and Microstructure of Cement Pastes with Calcined
Hwangtoh Clay. Materials 2019, 12, 458. [CrossRef] [PubMed]

38. Lin, R.-S.; Wang, X.-Y.; Zhang, G.-Y. Effects of Quartz Powder on the Microstructure and Key Properties of
Cement Paste. Sustainability 2018, 10, 3369. [CrossRef]

39. Lv, Y.; Ye, G.; De Schutter, G. Investigation on the potential utilization of zeolite as an internal curing agent
for autogenous shrinkage mitigation and the effect of modification. Constr. Build. Mater. 2019, 198, 669–676.
[CrossRef]

40. Montanari, L.; Suraneni, P.; Weiss, W.J. Accounting for Water Stored in Superabsorbent Polymers in Increasing
the Degree of Hydration and Reducing the Shrinkage of Internally Cured Cementitious Mixtures. Adv. Civ.
Eng. Mater. 2017, 6, 583–599. [CrossRef]

177



Materials 2020, 13, 2356

41. Liu, J.; Shi, C.; Farzadnia, N.; Ma, X. Effects of pretreated fine lightweight aggregate on shrinkage and pore
structure of ultra-high strength concrete. Constr. Build. Mater. 2019, 204, 276–287. [CrossRef]

42. Koizumi, M.; Roy, R. Zeolite Studies. I. Synthesis and Stability of the Calcium Zeolites. J. Geol. 1960, 68,
41–53. [CrossRef]

43. Seraj, S.; Ferron, R.D.; Juenger, M.C.G. Calcining natural zeolites to improve their effect on cementitious
mixture workability. Cem. Concr. Res. 2016, 85, 102–110. [CrossRef]

44. Lura, P.; Jensen, O.M.; Breugel, K.V. Autogenous shrinkage in high-performance cement paste: An
evaluationof basic mechanisms. Cem. Concr. Res. 2003, 33, 223–232. [CrossRef]

45. Yuan, B.; Yu, Q.L.; Brouwers, H.J.H. Reaction kinetics, reaction products and compressive strength of ternary
activators activated slag designed by Taguchi method. Mater. Des. 2015, 86, 878–886. [CrossRef]

46. Abbas, S.; Soliman, A.M.; Nehdi, M.L. Exploring mechanical and durability properties of ultra-high
performance concrete incorporating various steel fiber lengths and dosages. Constr. Build. Mater. 2015, 75,
429–441. [CrossRef]

47. Arora, A.; Aguayo, M.; Hansen, H.; Castro, C.; Federspiel, E.; Mobasher, B.; Neithalath, N. Microstructural
packing- and rheology-based binder selection and characterization for Ultra-high Performance Concrete
(UHPC). Cem. Concr. Res. 2018, 103, 179–190. [CrossRef]

48. Zhu, Y.; Zhang, Y.; Hussein, H.H.; Liu, J.; Chen, G. Experimental study and theoretical prediction on
shrinkage-induced restrained stresses in UHPC-RC composites under normal curing and steam curing. Cem.
Concr. Compos. 2020, 110, 103602. [CrossRef]

49. Garas, V.Y.; Kurtis, K.E.; Kahn, L.F. Creep of UHPC in tension and compression: Effect of thermal treatment.
Cem. Concr. Compos. 2012, 34, 493–502. [CrossRef]

50. Valipour, M.; Khayat, K.H. Coupled effect of shrinkage-mitigating admixtures and saturated lightweight
sand on shrinkage of UHPC for overlay applications. Constr. Build. Mater. 2018, 184, 320–329. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

178



materials

Article

Reactive Powder Concrete Containing Basalt Fibers:
Strength, Abrasion and Porosity

Stefania Grzeszczyk 1,*, Aneta Matuszek-Chmurowska 1, Eva Vejmelková 2 and Robert Černý 2
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Abstract: The paper presents the test results of basalt fiber impact on a compressive and flexural
strength, resistance to abrasion and porosity of Reactive Powder Concrete (RPC). The reasons for
testing were interesting mechanical properties of basalt fibers, the significant tensile strength and
flexural strength, and in particular the resistance to high temperatures, as well as a relatively small
number of RPC tests performed with those fibers and different opinions regarding the impact of those
fibers on concrete strength. The composition of the concrete mix was optimized to obtain the highest
packing density of particles in the composite, based on the optimum particle size distribution curve
acc. to Funk. Admixture of basalt fibers was used in quantity 2, 3, 6, 8 and 10 kg/m3, length 12 mm
and diameter 18 μm. A low water-to-binder ratio, i.e., from 0.24, was obtained through application
of a polycarboxylate-based superplasticizer. The introduction of up to 10 kg/m3 of basalt fibers to
RPC mix was proved to be possible, while keeping the same w/c ratio equal to 0.24, with a slight loss
of workability of the concrete mix as the content of fibers increased. It was found that the increase
of the fiber content in RPC to 10 kg/m3, despite the w/c ratio was kept the same, caused reduction
of the concrete compressive strength by 18.2%, 7.8% and 13.6%, after 2, 7, and 28 days respectively.
Whereas, the flexural strength of RPC increased gradually (maximum by 15.9%), along with the fiber
quantity increase up to 6 kg/m3, and then it reduced (maximum by 17.7%), as the fiber content in the
concrete was further increased. The reduction of RPC compressive strength, along with the increase
in basalt fibers content, leads to the increase of the total porosity, as well as the change in pore volume
distribution. The reduction of RPC abrasion resistance was demonstrated along with the increase of
basalt fibers content, which was explained by the compressive strength reduction of that concrete.
A linear relation between the RPC abrasion resistance and the compressive strength involves a high
determination coefficient equal to 0.97.

Keywords: reactive powder concrete; strength; basalt fibers; abrasion; porosity

1. Introduction

Reactive Powder Concretes (RPC) are one of the most significant achievements in the field of
the concrete technology in recent years [1,2]. They achieve considerable compressive strength values
reaching even over 200 MPa in normal conditions, whereas with application of the hydrothermal
treatment the strength values are much higher (from 300 to 500 MPa) [3–5]. Such high compressive
strength values were achieved by elimination of coarse aggregate, which was replaced with fine
ground quartz with particle size from 1 μm to 4 μm, and with sand with particle size from 200 μm
to 400 μm. Apart from the increased quantity of cement (the cement content is usually 900 kg/m3),
the use of silica fumes, finely ground quartz powder, ground granulated blast furnace slag and fly
ash at a low w/b ratio (from 0.20 to 0.23) allows to provide the maximum particle packing in the
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concrete. Whereas a larger quantity of steel fibers, in amount from 1.5 to 3.0%, assures achievement of
the relatively high flexural and tensile strength of this concrete. Steel fibers play an important role
in shaping of mechanical properties of this material [6,7]. Nowadays, the interest in modification of
RPC properties grows through the application of various types of fibers, including basalt ones [8],
and even of polypropylene [9]. Basalt fibers, due to their mechanical properties and resistance to high
temperatures, are a subject of greater interest by concrete technologists. The tensile strength of basalt
fibers is 700–1680 MPa, and the Young’s modulus fluctuates within 70–90 MPa [10,11]. The advantages
also include resistance to corrosion, both basic and acidic corrosion. Fibers are resistant to low and
high temperatures, the range of working temperatures of application fluctuates from −260 ◦C to
+750 ◦C [12].

To assess impact of the basalt fibers on the concrete properties, we have taken into account fibers
content, size and the water-to-cement (w/c) ratio [13–16]. The influence of the experimental results of
the basalt fibers concrete strength are ambiguous [14,17,18].

Kabay [15] tested the influence of basalt fibers in quantity 2% and 4% by mass, length 12 and
24 mm in high strength and normal strength concretes with w/c ratio equal to 0.45, and 0.60, respectively.
He found that the addition of fibers caused the decrease in compressive strength and increase of the
flexural strength and the fracture energy rose along with the increase in the fiber content of concrete.

Barabanshchikov and Gutskalov [13], while testing the impact of various quantity of basalt fibers
(from 0.93% to 3.24% by volume) of various length 12.7 and 24.5 mm on properties of cement pastes,
also found reduction of the compressive strength, whereas the increase of the flexural strength of
specimens was the higher, the higher the fiber content was. It shall be noted, however, that the higher
fiber content required the increase of w/c ratio from 0.31 to 0.40, which undoubtedly influenced the
compressive strength. Furthermore, authors found that there was an optimum quantity of basalt fibers
with the given length, which caused the highest increase of the flexural strength. In case of specimens
tested, that quantity for fibers 12.7 mm long was 1.6% by volume.

Chaohua et al. [16] investigated the influence of basalt fibers, 12 and 22 mm long, in amount from
0.05% to 0.5% of the total volume of the concrete mix, with a relatively high w/c ratio equal to 0.6.
They found a visible increase of flexural and tensile strength, but a slight increase of the compressive
strength, and even its reduction at a later time. They stated that the content of fibers in amount of
0.3% in volume fraction was the most suitable in terms of the growth of the concrete mechanical
parameters tested.

Tehmina Ayub et al. [14] observed a slight increase of the compressive strength of the High
Performance Concrete with basalt fiber content 1% and 2% of volume fraction, and then the drop
with a higher amount of fibers (3 vol.%). They noted the strength decrease occurred with addition of
metakaolin and silica fumes. Authors observed the gradual increase of splitting tensile strength along
with the increase of fiber content (from 1% to 3% by volume).

The increase of both compressive and flexural strength along with the increase of basalt fiber
content from 0.25% to 1% by weight of cement, while keeping the same w/c ratio = 0.42, was found by
authors of the paper [17]. The similar relation was observed by the authors of the paper [19] at the
fiber content increase from 1% to 3% by weight of cement in sand basalt-fiber concrete, while keeping
the w/c ratio within the range 0.32–0.35.

Not many papers on the RPC with addition of basalt fibers have been published so far. Such research
was conducted by authors of the paper [8], who found that introduction of basalt fibers to RPC
(w/c = 0.25) caused the increase of the compressive and flexural strength, when the content was from
1 kg/m3 to 3 kg/m3, whereas when the content of fibers increased to 5 kg/m3, the gradual decrease of
the compressive and flexural strength occurred.

Table 1 shows results of compressive and flexural strength tests of various types of concretes, with a
different content of basalt fibers from 6 mm to 25 mm long, conducted by various authors [8,13–17,19].
The analysis of test results of flexural strength of concretes presented in Table 1 shows that, along with
the fiber content increase in the concrete, the increase in the flexural strength also occurs to a various
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extent. [15–17]. The higher growth in the flexural strength (within the range from 54% to 64%) is
achieved by samples with the w/c ratio 0.34–0.42 and the higher content of fibers, above 15 kg/m3 [13,17].
In the case of RPC and hardened cement paste, which have a much higher content of fine particles,
the flexural strength increases to a certain amount of basalt fibers in the material, and then it goes
down with the further increase of the fiber content [8,13]. Application of the low w/c ratio (0.25) in
RPC allows to introduce much smaller amount of fibers (up to 5 kg/m3), than to the cement paste with
the higher w/c (0.4).

Table 1. Impact of basalt fibers quantity on compressive and flexural strength according to
various authors.

Authors
Type of

Concrete
w/c

Length of
Basalt Fibers

(mm)

Fiber Content Compressive
Strength fc

(MPa) After
28 Days

Flexural

Comments
Strength fcf

(MPa)

By Volume
(%)

By Weight
(kg/m3)

After 28
Days

Chonghai D.,
Xinwei M. [8] RPC 0.25 12

0 86 17.3
fc–increase from

0 to 3 kg/m3,
above decrease

2 101 19.8 fcf–increase from
0 to 3 kg/m3,

above decrease

3 115 20.4
4 106 19
5 102 20

Barabanshchikov
Y., Gutskalov I.

[13]

Cement
Paste

0.31

12.7

0 0 72.4 6.3 fc–decrease from
0 to 94 kg/m3

0.34 0.93 26.9 47.8 10.9 fcf–increase from
0 to 66.4 kg/m3,
above decrease

0.36 1.61 47.6 41.5 15.9
0.38 2.29 66.4 37.2 16.8
0.4 3.24 94 36.2 14.9

Ayub T. et al. [14] HPC 0.4 25

0 0 71.9 -
fc–increase from

0 to 60 kg/m3,
above decrease

1 30 * 73.5 -
2 60 * 74.1 -
3 90 * 65.1 -

Kabay N. [15] HSC

0.45

12

0 0 69.3 7.7 fc–decrease from
0 to 4 kg/m3

0.07 2 62.4 8

fcf–increase from
0 to 4 kg/m3

0.14 4 56.9 8.5

0.6
0 0 49.4 6.3

0.07 2 44.8 6.7
0.14 4 46.7 7.1

Jiang C. et al. [16] FRC 0.6 12

0 0 45.1 7.6
fc–increase from

0 to 3 kg/m3,
above decrease

0.05 1.5 * 46.7 8.1 fcf–increase from
0 to 3 kg/m3,

above decrease

0.1 3.0 * 47.2 8.2
0.3 9.0 * 46.3 8.4
0.5 15.0 * 45 8.3

Ahmed T. et al.
[17] FRC 0.42 6–10

0 0 34.6 3.7 fc–increase from
0 to 30 kg/m3

0.25 7.5 * 37.5 5.8
fcf–increase from

0 to 30 kg/m3
0.5 15.0 * 42.7 7.4

0.75 22.5 * 50.4 9.5
1 30.0 * 64.1 10.2

Morozov N.M. et
al. [19]

Sand
FRC

0.32
0% 0 92 - fc–increase from

0 to 16.5 kg/m32% ** 11 113 -
3% ** 16.5 121 -

* A conversion factor of amount basalt fibers was used: 0.1% by volume = 3 kg/m3 according to [13]. ** By weight
of cement.

In case of the compressive strength, the increase can be also observed [17,19], as well as reduction
of the strength along with the basalt fiber content in the concrete [13–15], and also the increase of the
strength, and then its drop when a specific amount of fibers in the concrete is exceeded [8,16]. Reduction
of the concrete compressive strength is observed both in case the fiber content is lower: 4.0 kg/m3

by 18% [15], and in case the fiber content is higher: 94 kg/m3 by 50% [13]. In general, the increase
of fiber content makes their proper distribution in the concrete mix more difficult and may lead to
higher concrete porosity, resulting in the reduction of the compressive strength [16,20]. Furthermore,
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the higher content of basalt fibers in the mix, to provide its workability, requires the increase of the w/c
ratio, which in consequence also leads to reduction of the concrete compressive strength.

There are many factors mentioned above, which have the impact on the strength of concretes with
basalt fibers, but the impact of the concrete composition cannot be ignored, including the influence of
mineral admixtures to seal the cement matrix and the matrix contact with fibers.

There are multiple factors that affect the strength of concrete, and with addition of fibers, it is
difficult to determine the impact on each of them individually. Based on research conducted by various
authors, general trends in the change in strength can be indicated under the influence of basalt fibers
introduced to the concrete. Although, most researchers use basalt fibers with an optimal length of
12 mm due to the strength of concrete [15], this parameter should also be taken into accoung when the
strength of concrete with fibers are analysed.

Few papers referring to tests of RPC with basalt fibers have resulted in research to be undertaken,
in order to determine the optimum quantity of basalt fibers in RPC, in terms of the compressive
and flexural strength. Testing included the impact of basalt fibers on the RPC strength, resistance to
abrasion and porosity.

Taking the basalt fibers resistance to high temperatures into account, the objective of tests
performed was to determine composition of the RPC with the highest compressive and flexural
strength, which will be subject to high temperatures, as in case of tests of RPC with steel fibers,
conducted by the authors of this paper [7].

2. Materials and Methods

To prepare the Reactive Powder Concrete (RPC), the following ingredients were used: Portland
cement CEM I 52,5 R (Cement Plant, Rejowiec, Poland) with specific surface area 410 m2/kg, silica fumes,
quartz powder 0/0.2 mm, quartz sand 0/0.4 mm and basalt fibers 12 mm long and diameter 18 μm.
Polycarboxylate superplasticizer was added in quantity of 2.5 wt.% of cement. The chemical composition
of the cement, silica fumes, quartz powder and quartz sand is given in Table 2, and Figures 1 and 2
shows the particle size distribution of the cement, silica fumes, quartz powder and quartz sand
determined by means of a laser size analyzer Mastersizer 3000 (Malvern, UK). Waste silica fume
containing more than 62% particle > 40 μm.

Table 2. Chemical composition of RPC ingredients (% by mass).

Ingredient SiO2 Fe2O3 Al2O3 CaO MgO SO3 Na2O K2O

Cement 21.83 2.00 4.38 65.68 0.93 3.29 0.29 0.32

Silica fume 93.3 2.3 1.5 1.0 - - - 1.6

Quartz powder 99.0 0.05 0.29 < 0.1 < 0.1 - 0.2 < 0.1

Quartz sand 98.6 0.03 0.75 - - - - -
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Figure 1. Particle size distribution of cement, silica fume, quartz powder and quartz sand.

Figure 2. Cumulative particle size distribution of cement, silica fume, quartz powder and quartz sand.

Optimization of the concrete mix composition that assured the maximum packing density of
particles, was performed based on Funk and Dinger’s curve [21] (Figure 3) following formula,

yi =

(
dn

i − dn
Min

dn
Max − dn

Min

)
× 100%, (1)

where yi—cumulative percentage of i-fraction content, di—i-fraction diameter [μm], dMax—maximum
particle diameter [μm], dMin—minimum particle diameter [μm], n—constant value equal to 0.37.

Figure 3. The particle size distribution of RPC mix and it’s components.
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For that purpose, also other computational models are used [22,23].
Composition of RPC mixes is given in Table 3. The content of basalt fibers in the mix were 2; 3; 6;

8 and 10 kg/m3, at the same w/c ratio amounting to 0.24.

Table 3. Mix proportion of RPC [kg/m3].

Cement Silica Fume Quartz Powder Quartz Sand Superplasticizer Water w/c

876 175 105 902 22 210 0.24

The particle size distribution of the concrete was determined by means of the particle size laser
analyzer Mastersizer 3000 within the range 0.01–3500 μm.

X-ray diffraction (XRD) tests were conducted by means of Philips X’PertSystem diffractometer
(Amsterdam, The Netherlands). The measurement was conducted within a range from 5◦ to 60◦ 2θ.
CuKα radiation was used.

Tests of RPC consistence were performed in line with PN-EN 1015-3 standard (Methods of test
for mortar for masonry. Part 3: Determination of consistence of fresh mortar (by flow table)) [24].
Consistence was determined based on measurement of the concrete flow diameter.

The tests of compressive strength and flexural strength of RPC specimens were performed in line
with PN-EN 1015-11 standard (Methods of test for mortar for masonry. Part 11: Determination of
flexural and compressive strength of hardened mortar) [25]. Tests were performed on specimens 40 mm
× 40 mm × 160 mm each time. The flexural strength was calculated according to the following formula,

f = 1.5
Fl

bd2 , (2)

where f—flexural strength [MPa], F—maximum load [N], l—distance between axes of cylinders [mm],
b—width of specimen [mm], d—height of specimen [mm].

The compressive strength was calculated according to the following formula:

fc =
F

Ac
, (3)

where: fc—compressive strength [MPa], F—maximum load [N] and Ac—section area of
specimen [mm2].

Resistance to abrasion of RPC specimens was tested in accordance with PN-EN 1338 standard
(Concrete paving blocks. Requirements and test methods) [26]. Measurement of abrasion was
performed on Böhme’s disc (EMEL, Poland). Specimens were subject to abrasion load equal to
294 ± 3 N during 16 cycles. The abrasion resistance was calculated according to the following formula,

A = ΔV =
Δm
ρR

Δl× 5, (4)

where Δm—specimen mass loss (wastage) after 16 cycles [g], ρR—specimen density [g/mm3].
Infrared Spectra (IR) of basalt fiber specimen in the form of potassium bromide pellets (5 mg/500 mg

KBr) recorded on Thermo Nicolet spectrophotometer (ThermoFisher Scientific, Waltham, MA, USA),
Nexus model.

The microstructure of RPC was tested by scanning electron microscopy (SEM). Analyses were
performed by means of the scanning microscope NOVA NANO SEM 200 (FEI Europe B.V., Eindhoven,
The Netherlands). Observations were conducted with magnification from 200 to 10,000. Specimens for
testing were prepared by spraying a layer of gold on the surface in high vacuum conditions. Energy
Dispersive X-Ray Spectra (EDS) were obtained for selected points.

Testing of RPC porosity were performed with the use of a mercury porosimeter PoreMaster 60
(Quantachrome Instruments, Boynton Beach, FL, USA), within a pressure range from 1 to 400 MPa.
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The results of the tests were presented in a form of differential curves and volumetric distribution
curves of pores with different size.

3. Results and Discussion

3.1. Test of Basalt Fibers

Identification tests of basalt fibers were conducted by means of XRD test, infrared spectroscopy
and scanning electron microscopy.

An XRD pattern of basalt fibers specimen is presented in Figure 4. A reflex of metallic iron
occurred in XRD pattern next to a significant background rise associated with amorphous glass. It is
very likely that, during the melting of basalt dust, iron crystallized out without binding with the glass.
Notably, basalt contains quite a lot of magnetite, its reduction and crystallization in a form of metallic
iron cannot be excluded.

Figure 4. XRD pattern of basalt fibers.

Figure 5a shows SEM image of basalt fibers. As you can see, roughness occurs here and there on
the smooth surface of fibers. EDS spectra (Figure 5b,c) made in two different points on basalt fibers
(points 1 and 2)—Figure 5a) demonstrated the presence of carbon. A much lower intensity of a line
belonging to the carbon is observed on the EDS spectrum of the smooth surface of the fiber (Figure 5c)
than on the rough surface (Figure 5b). The presence of carbon on basalt fibers surface may indicate
that fibers are coated with the organic substance, more quantity of it in some places.

IR spectroscopy tests were performed to identify the organic substance. The IR spectra of basalt
fibers is presented in Figure 6, whereas Figure 7 shows a fragment of the spectra characteristic for
vibration of aliphatic groups of CH2 and CH3.
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(a) 

 
(b) (c) 

Figure 5. (a) SEM of basalt fibers; (b) EDS analysis in point 1; (c) EDS analysis in point 2.

Figure 6. IR spectra of basalt fibers in range from 4000 to 500 cm−1.
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Figure 7. IR spectra of basalt fibers in range from 3800 to 2700 cm−1.

Analysis of IR spectra demonstrated the presence of bands belonging to CH2 and CH3 groups in the
spectrum: 2953 cm−1—STR/ASCH3, 2925 cm−1—STR/ASCH2, 2869 cm−1—STR/SCH3, 2855 cm−1—STR/SCH2.
These bands are well visible in Figure 7. Furthermore, in the IR spectrum (Figure 6) there are also
trace bands coming from deformation (bending) vibration of CH3, CH2 groups (1457 cm−1) and scissor
vibration of CH3 groups (1377 cm−1). The results of the above testing indicate that the surface of basalt
fibers contains a hydrocarbon modifier. It is also supported by results of the SEM testing. EDS spectra
made in two different points: 1 (Figure 5b) and 2 (Figure 5c) marked in the microscope image of basalt
fibers (Figure 5a) showed that the line belonging to carbon is much more intense in point 1 than on the
fiber smooth surface (point 2). Point 2 clearly shows presence of the modifier on the fiber surface.

The lack of bands coming from oxygen functional groups in the spectra:
‖
−C− , −C−O−C− ,

−
‖
C −O−, which may come from the substance that modifies the fibers surface, allows to suspect that

the hydrocarbon (oil) is the modifier itself or siloxane ethers (silicones) e.g., silicone oil.
The IR spectra shows an intensive, broad band belonging to siloxane groups Si–O–Si STR/AS

(1016 cm−1). Unfortunately, based on the presence of this band, it cannot be stated definitively
whether the silicone oil is the modifier, as basalt fibers also contain Si–O–Si groups. The authors
of the paper [10] write about modification of fiber surface with silicon oil, in order to increase the
adhesion to the polymer matrix. The presence of oil on the surface of fibers, found in testing (IR and
SEM), undoubtedly facilitates dispersion of fibers in the RPC mix, but it may have an adverse effect
on adhesion of basalt fibers to the cement matrix, which may contribute to reduction of the concrete
compressive strength.

3.2. Consistence of Concrete Mix

Results of RPC mix consistence tests after 15 min with a flow table test method [24], are presented
in Table 4 and Figure 8.

Table 4. Flow diameter of concrete mix [mm].

RPC C0 C2 C3 C6 C8 C10

Fibers content [kg/m3] 0 2 3 6 8 10

w/c 0.24 0.24 0.24 0.24 0.24 0.24

Flow diameter 240 240 230 220 200 180
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Figure 8. Impact of basalt fibers quantity on RPC flow diameter.

As data in Table 4 show, the increase of the basalt fibers content from 2 kg/m3 to 10 kg/m3 in RPC
mix, while keeping the same w/c = 0.24, causes reduction of the flow diameter from 240 mm to 180 mm,
which indicates a drop in concrete mix flowability. It results from a commonly known fact of a larger
water demand of concrete mixes with the addition of fibers, in order to obtain the required workability.

3.3. Compressive and Flexural Strength

The results of compressive strength tests of Reactive Powder Concretes are shown in Table 5 and
Figure 9, and results of flexural strength tests in Table 6 and Figure 10.

Table 5. Compressive strength of RPC containing basalt fibers [MPa].

RPC C0 C2 C3 C6 C8 C10

Fiber content [kg/m3] 0 2 3 6 8 10

w/c 0.24 0.24 0.24 0.24 0.24 0.24

Compressive strength
after days

2 105.0 100.4 88.7 88.3 86.7 85.9

7 114.9 116.2 112.2 108.9 106.2 105.9

28 149.6 143.6 135.6 132.3 131.5 129.3

Figure 9. Compressive strength of RPC.
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Table 6. Flexural strength of RPC containing basalt fibers [MPa].

RPC C0 C2 C3 C6 C8 C10

Fiber content [kg/m3] 0 2 3 6 8 10

w/c 0.24 0.24 0.24 0.24 0.24 0.24

Flexural strength after
days

2 15.8 15.6 16.2 16.5 13.0 13.1

7 18.9 20.6 20.5 21.9 17.1 17.5

28 21.9 23.4 23.2 24.6 19.2 19.4

Figure 10. Flexural strength of RPC.

Based on data given in Table 5 and in Figure 9 it appears that addition of basalt fibers, in quantity
from 2 kg/m3 to 10 kg/m3, while keeping the same w/c ratio, causes a reduction in the compressive
strength, which is the higher in value, the higher the fiber content is. The lowest compressive strength
values were obtained by concrete with the highest content of fibers (10 kg/m3). The elimination of
w/c coefficient influence the compressive strength of RPCs with different amounts of basalt fibers,
which indicates that the main factor determining the strength is the amount of fibers. Increasing the
amount of fibers in the concrete mix makes their dispersion difficult, which in consequence, does not
allow a homogeneous microstructure of the material to be obtained. This can cause an increase in
porosity, resulting in a decrease in the compressive strength of the concrete.

The analysis of RPC flexural strength test results, while keeping the same w/c ratio, showed that
as the content of basalt fibers increased from 2 kg/m3 to 6 kg/m3, increases the RPC flexural strength.
Whereas, when the quantity of fibers was higher (8 kg/m3 and 10 kg/m3), a reduction of the concrete
flexural strength was observed, but the difference in RPC strength with 8 kg/m3 and 10 kg/m3 content is
small (Table 6). To sum up, it can be stated that there is a certain amount of basalt fibers added to RPC,
at which it reaches the highest flexural strength. For the RPC tested this value is 6 kg/m3. A similar
phenomenon was observed by authors of the paper [8], except that the quantity of basalt fibers at
which they found the highest flexural strength was 3 kg/m3. To explain that phenomenon, it would
be advisable to perform testing of basalt fibers distribution in the RPC. However, proposing a model
of basalt fiber distribution in the RPC composite space, based on statistical grounds, analogically to
steel fibers, is hindered. The methods applied for testing of steel fibers distribution in concretes, e.g.,
electromagnetic induction and ultrasonic wave propagation [27], will not meet their task in case of
basalt fibers.

3.4. Porosity

A few factors have the impact on RPC compressive strength reduction along with the increase
of the fiber content [15,18]. One of them is the concrete porosity. According to [16], admixion of the
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basalt fibers increases the concrete porosity. In case of RPC tested it was found that introduction of
basalt fibers caused the increase of the total porosity along with the growth of fibers content, as well
as a change of pores volume distribution (Table 7). A reduction in the total porosity in time was
also observed.

Table 7. Total porosity and volumetric percentage of pores of different sizes in RPC.

Type of
Concrete

Total Porosity [%]
After Days

Percentage of Pores [%]

< 20 nm 20–200 nm 200–2000 nm 2000–20,000 nm <20,000 nm

C0

2 10.9 39.8 55.5 2.5 0.5 2.0

7 8.2 64.9 25.1 1.5 0.2 8.2

28 4.4 77.1 8.0 3.6 2.5 8.2

C2

2 10.6 73.9 12.6 0.8 0.6 10.8

7 8.5 64.9 12.2 1.5 0.4 20.4

28 4.0 62.5 9.1 14.6 1.8 11.9

C6

2 21.8 52.1 38.7 1.4 0.8 6.7

7 10.4 39.2 52.5 2.3 0.8 4.8

28 15.7 69.4 16.6 2.4 0.8 10.5

C10

2 21.2 46.5 45.3 2.4 0.6 5.4

7 25.8 22.9 68.6 3.4 1.0 3.8

28 15.5 74.1 11.9 2.7 1.7 8.0

The results of porosity testing of RPC with and without basalt fibers in quantity of: 2 kg/m3,
6 kg/m3 and 10 kg/m3 are presented in Figures 11–14 and Table 7.

  
(a) (b) 

 
(c) 

Figure 11. Pore volume distribution vs. pore diameter—RPC without basalt fibers (C0) after 2 (a), 7 (b)
and 28 (c) days.
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(a) (b) 

(c) 

Figure 12. Pore volume distribution vs. pore diameter—RPC with basalt fibers (C2) after 2 (a), 7 (b)
and 28 (c) days.

  
(a) (b) 

 
(c) 

Figure 13. Pore volume distribution versus pore diameter—RPC without basalt fibers (C6) after 2 (a),
7 (b) and 28 (c) days.
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(a) (b) 

(c) 

Figure 14. Pore volume distribution vs. pore diameter—RPC with basalt fibers (C10) after 2 (a), 7 (b)
and 28 (c) days.

As shown in Figure 11, Figure 12, Table 7, the total porosity of RPC without basalt fibers and a
small amount of fibers (2 kg/m3) is comparable after 2, 7 and 28 days of curing of specimens. Whereas,
the distribution of pore volume is different. RPC with basalt fibers contains definitely more pores
with a larger diameter above 20,000 nm, but fewer smaller pores with the diameter from 200 nm to
2000 nm compared to the concrete without fibers, while keeping almost the same total porosity in both
concretes. After 2 days of curing, the concrete with fibers showed nearly five times higher amount of
pores with diameter above 20,000 nm and about five times lower amount of pores within the range
20–200 nm, compared to the content of those pores in the concrete without fibers. In the later period
(7 and 28 days) those differences were smaller. In addition, a reduction in total porosity in time (from 2
to 28 days) can be clearly seen.

The addition of basalt fibers to RPC in quantity of 6 kg/m3 and 10 kg/m3, causes a definite growth
of RPC total porosity, even by over 10 vol.% along with the increase of the fibers content, but similar to
the lower fiber content, the total porosity is reduced over time. A reduction in pore content < 20 nm can
be observed, as well as a definite higher amount (by several times) of pores within a range 20–200 nm,
compared to the content of these pores in the specimen with 2 kg/m3 of basalt fibers. After 7 days,
the quantity of these pores is four or even five times higher for RPC specimens with fiber content
6 kg/m3 and 10 kg/m3, respectively. Whereas after 28 days, a visible growth of pores < 20 nm is
observed with simultaneous reduction of pores within 20–200 nm. The content of pores > 20,000 nm
is generally lower than 10 vol.% for RPC with basalt fiber content 6 kg/m3 and 10 kg/m3 in the time
tested, after 2, 7 and 28 days.

In general, the content of pores within the ranges 200–2000 nm and 2000–20,000 nm, both in RPC
without fibers, as well as with the various content of basalt fibers, is relatively small. In the first case it
generally does not exceed 3.0 vol.% and in the second one 2.0 vol.%.
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The change in pore volume distribution in RPC, along with an increase in the basalt fibers content,
most probably results from the impediment of fiber dispersion in the concrete mix with a very low w/c
ratio, and may have the impact on the concrete strength. Cement pastes compressive strength reduction
is related to the growth of pore volume with diameters larger than 20 nm [28,29]. The reduced content
of pores < 20 nm with simultaneous increase of pores in the range 20–200 nm, with the basalt fibers
content above 2 kg/m3 in RPC, as found in this paper, may contribute to the reduced compressive
strength of RPC with the higher fibers content.

Furthermore, the growth of RPC total porosity found along with the increase of basalt fibers
content, while keeping the constant water-cement ratio, is one of significant factors having an impact
on the reduction of the concrete compressive strength. An increase in porosity, along with the increase
in basalt fibers in the concrete, as well as the effect of that phenomenon on its strength, was observed
by the authors of the paper [16]. Whereas, authors of the paper [15,16] emphasize that introduction
of the larger quantity of basalt fibers to the concrete mix, generally requires the increase of the w/c
ratio to provide concrete workability, and in consequence it affects the reduction of the concrete
compressive strength.

3.5. Abrasion

Results of abrasion tests of RPC without fibers and containing 2, 6 and 10 kg/m3 of basalt fibers
are presented in Table 8 and Figures 15 and 16.

Table 8. Abrasion and strength of RPC with basalt fibers.

RPC C0 C2 C6 C10

Fiber content [kg/m3] 0 2 6 10

Abrasion [mm3/50 cm2] 15,000 16,000 20,000 22,000

Compressive strength after 28 days [MPa] 149.6 143.6 132.3 129.3

Flexural strength after 28 days [MPa] 21.9 23.4 24.6 19.4

Figure 15. Abrasion—compressive strength relation.
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Figure 16. Abrasion—flexural strength relation.

The analysis of abrasion test results of RPC with addition of basalt fibers showed that the resistance
to abrasion was associated with the concrete compressive strength (Figure 15). Increased compressive
strength of a concrete causes enhanced resistance to abrasion. The highest resistance to abrasion
was reached by RPC with basalt fiber content of 2 kg/m3, which showed the highest compressive
strength. Whereas, as the content of basalt fibers in RPC grows, the resistance to abrasion is reduced,
which is associated with reduction of the compressive strength of this concrete. No linear relation was
found between the abrasion resistance of RPC with basalt fibers and the flexural strength (Figure 16).
The above confirms the value of R2 determination coefficients, which is high (R2 = 0.97) for abrasion
dependence on the compressive strength (Figure 15), and low (R2 = 0.13) for abrasion dependence on
the flexural strength (Figure 16). It means that no linear relationship between the flexural strength and
abrasion occurs, which was found also by means of Pearson correlation coefficient equal to −0.32 (weak
correlation). Whereas, for data presented in Figure 15, Pearson correlation coefficient is equal to −0.96.

Different results of testing were obtained by authors of the paper [15], who found that abrasion of the
RPC containing basalt fibers depends on the flexural strength rather than on the compressive strength.

The microstructure of RPC with basalt fibers in amount of 2 kg/m3 showed the highest compressive
strength after 28 days of curing is presented in Figures 17–19.

The observation of RPC microstructure under the scanning microscope showed the presence a
high content of C-S-H phase bonded to quartz grains (Figure 17) and basalt fibers, which in general,
are arranged parallel to each other in the cement matrix (Figures 18 and 19). The high content of C-S-H,
analogous to RPC with steel fibers [30], is mainly caused by a large quantity of cement and addition of
silica fumes and quartz powder, known for their high reactivity to calcium ions.

194



Materials 2020, 13, 2948

 
(a) 

 
(b) 

 
(c) 

Figure 17. (a) RPC microstructure. Very good adhesion of C-S-H (1) on the quartz grain (2) is visible;
(b) EDS analysis in point 1; (c) EDS analysis in point 2.
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(a) 

 
(b) 

 
(c) 

Figure 18. (a) RPC microstructure. Visible basalt fiber and C-S-H phase well adhering to the fiber (1, 2);
(b) EDS analysis in point 1; (c) EDS analysis in point 2.
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Figure 19. RPC microstructure. Visible parallel arrangement of basalt fibers.

4. Conclusions

The paper impact of basalt fiber on the properties of the RPC mix and hardened concrete.
The results obtained show that the addition of basalt fibers to the RPC leads to a decrease in

the workability of concrete mix. It results from a commonly known fact of a larger water demand of
concrete mixes with addition of fibers in order to get the required workability.

While keeping the same w/c ratio equal to 0.24, the compressive strength of RPC containing basalt
fibers reduces along with the increase of the fiber content in the concrete. The highest drop of the
compressive strength from 15.5% to 18.2% with the fiber content increase from 2 kg/m3 to 10 kg/m3

is observed after two days. A similar relation is observed after 7 and 28 days of specimen curing,
however, the reduction of the compressive strength along with the fiber content increase occurs in a
lesser extent over time and it is: 7.8%, and 13.6%, respectively for specimens containing the highest
quantity of basalt fibers (10 kg/m3). A reduction of RPC compressive strength is caused by the presence
of a larger quantity of pores along with the increase of the fiber content in this concrete. Whereas,
the clear reduction of the total porosity of specimens over time (from 2 to 28 days), due to the increase
of cement hydration products formed, weakens the impact of fiber quantity on reduction of RPC
compressive strength.

Introduction of basalt fibers to RPC in quantity up to 6 kg/m3 causes a slight gradual growth in
the flexural strength (maximum by 15.9%). Whereas, with the higher content of fibers (8 and 10 kg/m3),
reduction of the flexural strength occurs (maximum by 17.7%), but the differences in flexural strength
of RPC specimen with the content 8 kg/m3 and 10 kg/m3 are minimal and they are from 0.1 MPa to
0.4 MPa. The increase of the flexural strength along with the increase of the fiber content up to 6 kg/m3

goes up over time and after 2, 7 and 28 days it amounts to: 4.4%, 15.9%, and 12.3%, respectively.
The higher content of basalt fibers in the RPC mix at the lower w/c ratio used (0.24), deteriorates their
dispersion, which in consequence, may cause a reduction of the flexural strength.

The reduced resistance to abrasion resistance of RPC along with the increase of basalt fibers content
is caused by the reduction of the concrete compressive strength. A strong relationship was found
between the RPC resistance to abrasion and its compressive strength. The determination coefficient R2

for this relationship is 0.97. Whereas, there was no significant relationship between the resistance to
abrasion and the flexural strength (R2 = 0.13). The compressive strength is generally recognized as the
most important factor that affects the concrete resistance to abrasion. The results abrasion resistance
tests of RPC with basalt fibers also confirmed this relationship.
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The introduction of basalt fibers to RPC causes the increase of the total porosity, as well as the
change in distribution of pores as the content of basalt fibers grows. At the fiber content of 2 kg/m3,
the content of larger pores > 20,000 nm grows, and the content of 20–200 nm pores goes down.
Whereas at the higher content of fibers (6 kg/m3 and 10 kg/m3), reduction of pores below 20 nm occurs,
as well as the increase of pores within a range 200–2000 nm, but the content of pores above 20,000 nm
goes down. The above changes in the total quantity of pores and their distribution correspond well
with the reduction of RPC compressive strength, as the content of basalt fibers in that concrete increases.
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Abstract: The use of lightweight concrete has continuously increased because it has a primary benefit
of reducing dead load in a concrete infrastructure. Various properties of lightweight concrete, such
as compressive strength, elastic modulus, sound absorption performance, and thermal insulation,
are highly related to its pore characteristics. Consequently, the identification of the characteristics
of its pores is an important task. This study performs a comparative analysis for characterizing
the pores in cementitious materials using three different testing methods: a water absorption test,
microscopic image processing, and X-ray computed tomography (X-ray CT) analysis. For all 12
porous cementitious materials, conventional water absorption test was conducted to obtain their water
permeable porosities. Using the microscopic image processing method, various characteristics of
pores were identified in terms of the 2D pore ratio (i.e., ratio of pore area to total surface area), the pore
size, and the number of pores in the cross-sectional area. The 3D tomographic image-based X-ray CT
analysis was conducted for the selected samples to show the 3D pore ratio (i.e., ratio of pore volume
to total volume), the pore size, the spatial distribution of pores along the height direction of specimen,
and open and closed pores. Based on the experimental results, the relationships of oven-dried density
with these porosities were identified. Research findings revealed that the complementary use of these
testing methods is beneficial for analyzing the characteristics of pores in cementitious materials.

Keywords: microscopic image processing; X-ray CT analysis; porous cementitious materials;
3D tomographic image

1. Introduction

In recent years, lightweight cementitious materials have extensively been applied in a concrete
infrastructure due to their primary benefit of reducing dead load in structures. Many types of lightweight
cementitious materials—such as lightweight aggregate concrete (LWAC), pervious concrete, and aerated
concrete—have been developed for various purposes. LWAC typically comprises cement, lightweight
aggregate (LWA), water, and mineral and chemical admixtures. In general, the ranges of density and
compressive strength of LWAC are 1460–1910 kg/m3 and 36.5–60.0 MPa, respectively [1–4]. Because of
its low density and moderate strength level for structural purposes, LWAC has successfully been
applied for bridge components [5,6]. Pervious concrete, also called porous concrete, has a macro-porous
structure using gap-graded coarse aggregates without fine aggregates in the mixture [7,8]. In pervious
concrete, the coarse aggregate particles are typically coated in a thick layer of cementitious paste,
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resulting in a formation of highly interconnected macro-pore network [9]. To enhance the pore ratio
of pervious concrete, natural and artificial fibers can be used despite the reduction of strength and
freeze-thaw resistance [10]. Pervious concrete has widely been used for pavements, vegetation concrete
beds, and noise absorbing concrete [11,12]. Its ranges of porosity and compressive strength are
typically 15–25% and 22–39 MPa, respectively [12]. Aerated concrete has a large number of uniformly
distributed small pores that can be generated by adding metallic powder (e.g., aluminum and zinc)
and/or a foaming agent (e.g., glue resin and saponin) [13–15]. Because of its good heat conservation
and low density (300–1800 kg/m3), aerated concrete can be used as a high-efficiency heat-insulating
material in roofs, walls, and floors—as a form of block and panel—despite its relatively low mechanical
properties [16–18]. As various properties of lightweight cementitious materials, such as density,
compressive strength, elastic modulus, water drainage, heat conservation, and noise absorption,
are highly related to their pore characteristics, various methods for analyzing the pore structures have
been introduced [19–24].

Even though many testing methods have been utilized for analyzing the pore structures of
cementitious materials, a suitable testing method should be carefully selected by considering the
properties of testing specimens and the limitations of techniques. The most convenient and widely
used method is the water absorption test, which measures the difference between the saturated and
oven-dried masses of a testing specimen [25,26]. This test provides the total volume of water permeable
pores by filling internal pores with water. Similarly, a gas pycnometer can determine the porosity and
density of a testing sample using nearly ideal gas (e.g., helium or nitrogen) [27,28]. Although this
method limits the size of a testing specimen, due to its small chamber size, the volume of the solid phase
can be measured more accurately by detecting the pressure change caused by the gas displacement
than with the water absorption test [28]. However, neither the water saturation nor the gas pycnometer
method can provide pore characteristics, such as pore size and their spatial distribution. The mercury
intrusion porosimetry (MIP) method can evaluate various pore properties (porosity and pore size) by
measuring the volume of intruded non-wetting liquid (e.g., mercury) at different pressures [29,30].
However, the MIP method also has some drawbacks regarding the accessibility issue of mercury in the
pore throat, resulting in a true pore diameter measuring error [31,32].

As a way to make up for the weakness of the aforementioned methods, the image processing
and X-ray computed tomography (X-ray CT) can be applied for analyzing the characteristics of pores
based on two-dimensional (2D) and three-dimensional (3D) visual images of specimens, respectively.
Using a digital camera and/or a microscope, the image processing technique was conducted to
investigate the size of pores, its spatial distributions, and 2D pore ratios [33,34]. This image processing
approach generally consists of a collection of high-resolution images, a conversion of an RGB image
into a grayscale image, a determination of a threshold, and image binarization [35]. With the use
of a high-quality binary image, the detection and quantification of pores can be carried out well.
However, the difference between the porosity and 2D pore ratio obtained from the image processing
should be considered. Similarly, X-ray computed tomography (X-ray CT) is also available for pore
structure analysis based on a 3D tomographic image of a sample [36,37]. Because X-ray CT analysis
scans the entire testing specimen and virtually reconstructs actual pore structures, this method
can provide information about the internal pore microstructure, 3D pore ratio, pore size, and their
spatial distribution [38,39]. Nevertheless, this test is rather expensive for the analysis and requires
time-consuming post processing due to a large scanning data that needs to be analyzed. Despite their
drawbacks, these testing methods are beneficial for investigating the characteristics of the pore structure
based on the images. However, as a comparative analysis of different methods—conventional method,
image processing, and X-ray CT—has not been fully studied yet, further research is still needed to
select a suitable testing method for highly porous cementitious materials.

In this study, a comparative analysis that uses three different methods—conventional water
absorption test, microscopic image processing and X-ray CT analysis—was conducted for investigating
highly porous structures of cementitious materials. All 12 porous cementitious material series were

202



Materials 2020, 13, 3105

prepared using different amounts of pore generation materials of aluminum powder and natural fibers.
To analyze the pore structures, a conventional water absorption test was first conducted in order
to obtain their water permeable porosities. In addition, their bulk specific gravities were measured.
The microscopic image processing method, which uses a local thresholding algorithm, was adopted
to characterize the pores in terms of the 2D pore ratio, the pore size, and the number of pores in a
cross-section. X-ray CT analysis was also used to provide information about the pore structures—the
3D pore ratio, the pore size, the number of pores, and their spatial distribution—on the basis of a 3D
tomographic image.

2. Materials and Mix Proportions

To fabricate highly porous cementitious materials, aluminum powder (ECKART, Hartenstein,
Germany) and natural fibers (Soo Industry, Gyeongju, Republic of Korea) were added to the mixtures.
The water-to-binder ratio (w/b) of cementitious materials was fixed at 0.3. The binders used in the
cementitious materials were CEM I 42.5 R ordinary Portland cement (OPC) (Ssangyong Cement,
Seoul, Republic of Korea) and silica fume (Elkem, Oslo, Norway). The specific gravity and Blaine
fineness of the OPC were 3160 kg/m3 and 330 m2/kg, respectively. Silica fume had a specific gravity
of 2270 kg/m3 and replaced 10 wt% of the OPC in order to control viscosity, as well as prevent
segregation. The length of the kenaf natural fibers was approximately 1 mm. These fibers consisted of
cellulose of 45–57 wt%, hemicellulose of 22 wt%, and lignin of 8–13 wt%, having a tensile strength
and Young’s modulus of 930 MPa and 53 GPa, respectively. Its specific gravity was 1800 kg/m3,
which was determined using a gas pycnometer (Micromeritics AccuPyc 1330, Norcross, GA, USA).
The amount of natural fibers used in the cementitious materials was controlled up to 5.0 wt% of
mixtures. Aluminum powder was a flake type with a 99.7% purity. Its specific gravity and covering
capacity were 2700 kg/m3 and 1100–1450 m2/kg, respectively. The size of the aluminum powder
particles ranged from 12 to 86 μm, with a mean size of 34 μm, as measured using laser diffraction
(Sympatec Helos, Clausthal-Zellerfeld, Germany). The amount of aluminum powder was controlled
up to 0.1 wt% of binders. A polycarboxylate-based superplasticizer (MasterGlenium SKY 8808,
Ludwigshafen, Germany) was added in order to enhance the workability, as well as the homogeneity
of mixtures. The dosage of superplasticizer was fixed at 2.0 wt% of binders. As provided in Table 1,
a total of 12 mixtures were fabricated following the mixing process. OPC, silica fume, and aluminum
powder (if any) were first dry mixed. Then, superplasticizer in liquid form was added to the mixing
water. Natural fibers (if any) were added to the superplasticizer-concentrated water. Subsequently,
all constituents were mixed in a planetary mixer for 10 min. The fresh mixtures were then cast into a
50 mm cube mold in order to create the specimens to be used for analyzing pore structure and density.
The samples were cured in a water chamber for 28 days at a temperature of 23 ◦C.

Table 1. Mix proportions of porous cementitious materials.

Label
Mix Proportion (g)

w/b1 Water Cement Silica Fume NF2 AP3 SP4

PCM1-1

0.3 660 2000 200

0
0

1.1
2.2

44.0

PCM1-2
PCM1-3

PCM2-1
28.6

0
1.1
2.2

PCM2-2
PCM2-3

PCM3-1
85.8

0
1.1
2.2

PCM3-2
PCM3-3

PCM4-1
143.0

0
1.1
2.2

PCM4-2
PCM4-3

w/b1: water-to-binder ratio,NF2: Natural fibers, AP3: Aluminum powder, SP4: Superplasticizer.
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3. Test Methods for Analyzing the Pore Structures

3.1. Water Absorption Test

A water absorption test was conducted to determine the water permeable porosity of cementitious
materials following ASTM (American Society for Testing and Materials) C 642. First, the oven-dried
mass (Moven) of the testing specimen was measured, which was previously dried in an oven at a
temperature of 110 ± 5 ◦C for not less than 24 h. Afterward, the saturated surface-dried mass (MSSD)
was determined by measuring the mass of the specimen that was immersed in water for 7 days
to saturate porous structure of samples. Subsequently, the water absorption capacity (Pwat) was
calculated as [25]

Pwat[%] = (MSSD −Moven)/Moven × 100 (1)

The water absorption capacity stands for the water permeable porosity of the testing sample.
Considering very low density of testing specimens, their dry bulk densities were measured following
ASTM C 1693 [40]. The dry bulk density of the specimen was equal to the oven-dried mass divided by
the volume of the sample (i.e., 125,000 mm3 in this study). Both the water permeable porosity and the
dry bulk density were determined by the average value of 6 specimens in the form of 50 mm cubes.

3.2. Microscopic Image Processing

The aims of microscopic image processing are to distinguish the cementitious matrix and pores
and to provide information about the pore size, the pore ratio, and the number of pores in a tested
cross-section. This method was performed in three parts: acquisition of microscopic image, image
binarization, and characterization of pores (see Figure 1). The cross-sections of specimens were
prepared using a cutter (Allied High Tech Products Inc PowerCut 10x, Compton, CA, USA) at the
height of approximately 25 mm from the bottom. The cross-sectional images of these samples were
collected using an optical microscope (ZEISS Axio Zoom V16 and ZEISS PlanApo Z 0.5x, Oberkochen,
Germany). It should be noted that no observable cracks were identified in microscopic images, which
indicates that the cutting process did not affect the characterization of pore in cementitious materials.
The size of the observed area via the optical microscope was a 28.64 × 35.70 mm2 rectangular region
with a 12.97 μm/pixel resolution. Through the use of a lateral light source, a shadow was created
in the pore, which enabled image processing to classify both the solid phase and the pores well.
Subsequently, the image obtained was converted into grayscale, with a brightness range from 0 to 255.
During the binarization process, the brightness of each pixel in an image was compared to a threshold.
As provided in Equation (2), the brightness of pixels that was less than the threshold was designated
as zero, while those having higher values became one—resulting in a binary image (Bimg).

Bimg(i, j) = 0 if Mimg(i, j) < t,otherwise Bimg(i, j) = 1, where 1 ≤ i ≤ a and 1 ≤ j ≤ b, (2)

where Mimg(i,j) is the pixel intensity of grayscale image, t is the brightness threshold, and a and b
are the number of pixels along the width and height. Lastly, using the binary image, the 2D pore
ratio—the ratio of the number of pixels for pores to the total number of pixels in the image—and pore
size—equivalent circular area diameter of irregularly shaped pores—were numerically calculated.
Because these values are influenced by the quality of binary image, a suitable threshold value was
carefully determined in order to obtain a reliable classification of pores and cementitious matrix.
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Figure 1. Schematic diagram for the microstructural image processing method.

The threshold value can be determined using the global and local thresholding methods. The global
method (e.g., the Otsu method) uses one threshold value for the binarization of the entire image [41,42].
Although this method is computationally simple and quick, the threshold value depends on the
operator or histogram of pixel intensity. Consequently, a poor binarization result can be obtained if the
image had a noisy or complex background [42]. On the other hand, the local thresholding method uses
the brightness of detected pixels in a neighborhood around a pixel (i.e., window) for the calculation
of the unique local threshold value. Although this local method demands more computational cost,
the local characteristics of pixels in varying background images can be identified well, including
illuminated or degraded images [43,44].

Because non-uniform illumination microscopic images—caused by the lateral light source
(see Figure 1)—were used in this study, a local thresholding method was selected. More
specifically, Sauvola’s image binarization algorithm—used for document analysis and concrete crack
identification—was adapted, as provided in Equation (3) [44,45].

TSauvola = m · (1− k× (1− s/R)) (3)

where TSauvola is threshold value, k is the sensitivity, R is the normalized standard deviation, and m
and s are the average and standard deviation of the brightness value of a pixel in a selected local
area (window), respectively. In this study, the size of the window and the sensitivity used for the
computation were user-defined values. The sensitivity value was fixed at 0.5, which showed a good
result in the previous study [44]. Although this sensitivity caused several false detections in PCM1-1
and PCM1-2, due to their rough surfaces, the errors were very small and acceptable because of their
lower porosity. The optimal window size was determined to be in the range of 10–300 pixels when
comparing changes of the total number of detected pixels for the pores. This value could reach the
plateau value, if the classification of the cementitious matrix and the pores were performed well.
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3.3. X-ray CT Analysis

X-ray CT has strong advantages for analyzing the internal structure of cementitious materials,
providing information about internal defects (i.e., pores), as well as visualized 3D anatomical
images [46–48]. 3D images from X-ray CT can be obtained through two steps: image acquisition and
reconstruction. First, a microfocus X-ray beam passes through a sample and 2D X-ray projection
images are acquired. The sample that is mounted on the stage is rotated in the 180◦–360◦ range
and additional 2D projections are obtained, typically 500–1000 images. Afterward, these projection
images are converted into a complete 3D tomographic image of the sample, through a reconstruction
process using a back-projection algorithm. Further analysis of the 3D image provides the volumetric
information of the solid phase and internal defects on the basis of 3D volumetric elements (voxels).
In the tomographic image, a denser phase has a high X-ray attenuation and is displayed as a bright
color, whereas a low-density phase—consisting of air or gas—would appear as quite dark due to little
X-ray attenuation. Typically, no special pre-processing is required for sample preparation. In a porosity
analysis using a software of VG Studio and myVGL 3.0 (Volume Graphics, Heidelberg, Germany),
the defect detection algorithm compared the potential defect with its local neighborhood. If the
appearance of a potential defect was very similar to the surrounding structure, its probability was
reduced, which started from zero. Based on preliminary tests, probability threshold of 0.5 was selected
to classify pores and cementitious matrix. The value for minimum pore size was no less than 8 voxels
edge lengths (2 × 2 × 2 voxels).

In this study, X-ray CT (Nikon Metrology XT H 320, Tokyo, Japan) was used for characterizing the
porous internal structures of cementitious materials as shown in Figure 2. A 50 mm cube specimen
was mounted on the 360◦ rotational stage and the 3D image was acquired at a 230 kV accelerating
voltage and a 300 μA current. A total of 1140 pictures were obtained from each X-ray CT analysis,
taking 354 ms for each image projection. These 2D images were converted into 3D tomographic images
consisting of voxels with an edge length of 48 μm. A total of four cementitious samples were examined
through the X-ray CT test. Their porosity and pore size results were compared to the water absorption
capacity and microscopic image processing-based analysis. Furthermore, the volume of open and
closed pores in cementitious materials can be analyzed. The open and closed pores stand for a cavity
or channel with access to an external surface and a pore not connected to the surface, respectively.
Because of these advantages of X-ray CT, this test could be applied for various purposes, such as
internal structure analysis of asphalt concrete [49] and permeability of oil-well cement [50].

 

Figure 2. Schematic diagram of the X-ray CT analysis.
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4. Experimental Results and Discussion

4.1. Density and Water Absorption Capacity

It is known that porous cementitious materials generally have a low density with a high-water
absorption capacity [37], which was also identified in this study. As shown in Figure 3, the
specimens—which incorporated aluminum powder and natural fibers—showed a decrease in the
oven-dried density and an increase in the water absorption capacity. In the PCM1 series, which contained
0–0.1 wt% of aluminum powder, the densities were drastically decreased from 1859 kg/m3 to 944 kg/m3.
The PCM2-1, PCM3-1, and PCM4-1 samples, which incorporated 1.0–5.0 wt% of natural fibers,
also showed a decrease in densities from 1797 kg/m3 to 944 kg/m3. The synergistic effect of these two
materials was also observed. For example, the PCM4-3 sample, which contained 0.1 wt% of aluminum
powder and 5.0 wt% of natural fibers, showed the lowest density of 792 kg/m3. The decrease of the
oven-dried density for cementitious materials was highly related to the reaction of aluminum powder
and the dispersion of natural fibers. More specifically, the chemical reaction of aluminum powder with
calcium hydroxide and water generated air bubbles (hydrogen gas) in the fresh state, resulting in the
formation of porous structures [51,52]. In case of natural fibers, the dispersion of fibers during the
mixing process can create entrapped air pores in the matrix phase [10,37]. Therefore, the use of these
pore generation materials was effective for making highly porous cementitious materials that have
low densities.

(b) 

Figure 3. (a) Oven-dried density and (b) water absorption capacity of the tested porous
cementitious materials.

It was also revealed that the water absorption capacities of the samples were inversely proportional
to their densities, as shown in Figure 3b. In the PCM1 series, which incorporated 0–0.1 wt% of aluminum
powder, the water permeable porosity significantly increased from 9.2% to 25.1%. The PCM2-1, PCM3-1,
and PCM4-1 samples, which contained 1.0–5.0 wt% of natural fibers, also showed an increase in the
porosity from 10.0% to 23.9%. The combination of aluminum powder and natural fibers significantly
increased the porosity of the samples. Based on this experimental work, the oven-dried density and
water absorption capacity of samples were used as references for a comparison with the results obtained
from microscopic image processing and X-ray CT analysis.

4.2. Microscopic Image Processing Analysis

Following Section 3.2, microscopic image processing was conducted in order to characterize
the porous structures of cementitious materials in terms of their 2D pore ratio, the pore size and the
number of pores. Because of the non-uniform illumination characteristics of microscopic images,
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the local thresholding method (Sauvola’s method) was applied for the image binarization. In this
section, the optimal window size for the local method was identified to obtain a high-quality binary
image. Using this binary image, the characteristics of pores were numerically calculated.

4.2.1. Image Binarization Using the Local Thresholding Method

In the analysis of microscopic image processing, a suitable user-defined parameter—window
size—for the local method was first determined to obtain high quality binary image. In Figures 4–6,
the results obtained from representative samples—the less porous PCM1-1 and the highly porous
PCM3-3—are provided in order to show the effects of different window sizes on image binarization.
First, the total number of pixels for pores in the cross-section was counted using different window sizes
of 10–300 pixels (see Figure 4). As the size of the window increased, the number of pixels for pores
also rapidly increased, showing a plateau convergence at a 50-pixel window for PCM1-1 and PCM3-3.
This result indicated that the classification of pores can be achieved well using a window size at this
convergence value. Therefore, the window sizes of 50, 100, and 200 pixels were selected to evaluate the
quality of binary images. As shown in Figure 5, the binary images for the PCM1-1 sample did not show
a big difference, regardless of the window size. On the contrary, the large window size of 200 × 200
pixels showed good binarization performance for the highly porous PCM3-3 sample (see Figure 6).
Small windows were not enough to cover several large-sized pores in the PCM3-3 sample, resulting in
a false binarization for the inside of some large pores. Hence, the 200 × 200 window size was selected
for Sauvola’s algorithm in microscopic image processing.

(a) (b) 

Figure 4. The relationship of the number of pixels designated as pores with the window size: (a) PCM1-1
and (b) PCM3-3.

(a) (b) (c) (d) 

Figure 5. PCM1-1: (a) microscopic image; (b–d) binary images using 50 × 50, 100 × 100, and 200 × 200
windows, respectively.
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(a) (b) (c) (d) 

Figure 6. PCM3-3: (a) microscopic image; (b–d) binary images using 50 × 50, 100 × 100, and 200 × 200
windows, respectively.

4.2.2. Characteristics of Pores

Using binary images, the characteristics of pores can be identified in terms of the 2D pore ratio,
the pore size, and the number of pores, as provided in Table 2. In the PCM1 series, the 2D pore ratio
increased from 4.0% to 43.9% with aluminum powder of 0–0.1 wt%. The PCM2-1, PCM3-1, and PCM4-1
samples, containing natural fibers of 1.0–5.0 wt%, showed a 2D pore ratio of 6.7–26.5%. Here, PCM3-3
showed the highest 2D pore ratio of 54.2%, using the combination of aluminum powder of 0.1 wt%
and natural fibers of 3.0 wt%.

Table 2. Microscopic image processing-based pore analysis using the local method.

Measurement Label
Aluminum Powder

0% 0.05% 0.10%

2D Pore Ratio

PCM1 4.0% 35.6% 43.9%
PCM2 (NF 1%) 6.7% 36.9% 49.6%
PCM3 (NF 3%) 19.3% 34.7% 54.2%
PCM4 (NF 5%) 26.5% 48.9% 51.1%

Mean Pore Size
(μm)

PCM1 103.2 167.3 200.9
PCM2 (NF 1%) 91.7 161.0 242.1
PCM3 (NF 3%) 101.7 147.4 212.9
PCM4 (NF 5%) 141.2 173.3 215.0

Total Number of
Pores

PCM1 3568 10,317 8397
PCM2 (NF 1%) 8234 11,669 4914
PCM3 (NF 3%) 18,421 13,384 5282
PCM4 (NF 5%) 10,513 7984 6023

In the analysis of the mean pore size, it was revealed that the mean pore size was increased
with a dosage of 0–0.1 wt% aluminum powder. The mean pore size of the PCM1 series ranged from
103.2 μm for PCM1-1 to 200.9 μm for PCM1-3 because of pore generation resulting from the aluminum
powder reaction. In addition, the increase in the mean pore size was observed for PCM2-1, PCM3-1,
and PCM4-1 as the amount of natural fibers increased. The relationship between the 2D pore ratio and
the mean pore diameter was linearly proportional for all 12 samples, as shown in Figure 7.

The number of pores did not proportionally increase as the amount of aluminum powder and
natural fibers increased. This is because the number of pores for a given observed area was decreased
as the size of pores increased for highly porous cementitious materials. Meanwhile, PCM1-1, PCM2-1,
and PCM3-1 samples having low 2D pore ratio and relatively small mean pore size showed an increase
of the number of pores as the amount of natural fiber increased.
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Figure 7. The relationship of the 2D pore ratio with the mean pore diameter obtained using the local
thresholding image processing method.

4.3. X-ray CT Analysis

X-ray CT analysis provided cross-sectional and 3D tomographic images of the porous cementitious
materials, as well as information about the 3D pore ratio, the pore size, and the number of pores.
In order to show the effects of aluminum powder and natural fibers, four samples—PCM1-1, PCM 1-3,
PCM3-1, and PCM3-3—were selected for the X-ray CT analysis. Figure 8 shows the cross-sectional
images of PCM1-1 and PCM3-3. As discussed in Section 4.2, the PCM1-1 control sample had a less
porous structure in comparison to the PCM3-3, which incorporated aluminum powder of 0.1 wt% and
natural fiber of 3.0 wt%. In Figure 8, the colors of open and closed pores are designated as black and
yellow, respectively.

 

(a) (b) 

Figure 8. Cross-sectional images of (a) PCM1-1 and (b) PCM3-3 from the X-ray CT analysis.

Based on the volumes of the solid phase and the closed pores, the volume of the open pores,
as well as the porosity of the samples, can be calculated. It was assumed that the porous concrete
specimen consisted of the cement matrix phase, as well as open and closed pores. Then, the volume
of the open pores was calculated by subtracting the volumes of the solid phase and the closed pores
from the sample volume. The volume of the 50 mm cube specimen was assumed to be 125,000 mm3.
The volumes of the solid phase and the open and closed pores were provided in Table 3. The total 3D
pore ratios of the PCM1-1, PCM1-3, PCM3-1, and PCM3-3 samples were 8.4%, 21.3%, 9.3%, and 23.3%,
respectively. The difference between the water permeable porosity, the 2D pore ratio, and the 3D
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pore ratio is discussed in Section 4.4. Their mean pore sizes were 347.2 μm, 302.2 μm, 335.7 μm,
and 360.4 μm, respectively, where the high values were caused by the limited voxel resolution of
X-ray CT. The total numbers of closed pores for PCM1-1, PCM1-3, PCM3-1, and PCM3-3 were 194,425,
212,650, 133,471, and 272,721, respectively.

Table 3. X-ray CT-based analysis for the porous structures of PCM1-1, PCM1-3, PCM3-1, and PCM3-3.

Label
Volume (mm3) 3D Pore Ratio

(Open/Closed)
Mean Pore Size

(μm)Solid Phase Closed Pore Open Pore

PCM1-1 114,451 5616 4933 8.4%
(3.9%/4.5%) 3472

PCM1-3 98,395 21,443 5162 21.3%
(4.1%/17.2%) 3022

PCM3-1 113,337 7325 4339 9.3%
(3.5%/5.9%) 3357

PCM3-3 95,860 18,312 9528 23.3%
(8.7%/14.6%) 3604

X-ray CT analysis can be applied for evaluating the distribution of the pore ratio based on the image
processing technique [53]. Here, the cross-sectional images obtained from X-ray CT were collected
along the height direction at 1 mm intervals. As shown in Figure 9, the 2D pore ratios of PCM1-1,
PCM1-3, PCM3-1, and PCM3-3 were 1.5–3.3%, 4.7–6.2%, 28.9–32.4%, and 29.5–37.8%, respectively.
This result revealed that the PCM1-1, PCM1-3, and PCM3-1 samples had homogeneous distributions
of the pore ratio along the height direction. In case of the PCM3-3 sample, which incorporated both
aluminum powder and natural fibers, the pore ratio was inconsistent along the height. This is because
some natural fibers agglomerated on the top surface, resulting in the formation of a fiber ball, as well
as in the reduction of the pore ratio in the matrix [54].

Figure 9. Distribution of the 2D pore ratios obtained through X-ray CT analysis along the
height direction.

The difference between the average 2D pore ratio and 3D pore ratio obtained from the X-ray CT
were identified. The average 2D pore ratios were 2.2%, 31.0%, 5.4%, and 35.2% for PCM1-1, PCM1-3,
PCM3-1, and PCM3-3, respectively. These results were different from their 3D pore ratios of 8.4%,
21.3%, 9.3%, and 23.3%, respectively. This indicated that the less porous sample had a relatively low
2D pore ratio, while the highly porous one had a high 2D pore ratio. This was caused by the different
calculation for area of circle and volume of sphere. A detailed discussion is provided in Section 4.4.

As provided in this experimental result, X-ray CT analysis was beneficial for analyzing various
characteristics of pores, such as open and closed pores, pore distribution in 3D space, and 3D
tomographic images. Furthermore, the homogeneous pore distribution can be evaluated using the
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cross-sectional image processing. These results are highly related to the unique properties of porous
cementitious materials, such as heat insulation, sound absorption, and water drainage. Consequently,
more diverse applications of the X-ray CT method are expected in the field of construction materials.

4.4. Comparative Analysis

In this section, the characteristics of the porous structures obtained from the water absorption test,
microscopic image processing, and X-ray CT analysis were compared. First, the relationships of the
oven-dried densities and porosities determined by these different testing methods were investigated,
as shown in Figure 10. The regression curves for the water permeable porosity and the 3D pore ratio
showed similar trends. This is because both methods determined the porosities of the specimens by
considering all 3D pores in them. Furthermore, testing four specimens for X-ray CT analysis—covering
a wide range of porosities and densities—was adequate to estimate the trend for all 12 samples.
It should be noted that the difference of the 3D pore ratio and the water permeable porosity for the
highly porous samples might be attributed by the classification errors of the cementitious matrix and
the pores due to the limited voxel resolution of X-ray CT.

Figure 10. The relationship of the oven-dried density with the porosities obtained using the water
absorption test, microscopic image processing, and X-ray CT analysis.

On the other hand, the results from microscopic image processing showed a relatively low porosity
for the high-density sample and a high porosity for the low density one. The low 2D pore ratio might
be attributed to small-sized pores, which were quite bright and designated as matrix due to shallow
depths. The high 2D pore ratio obtained from microscopic image processing was caused by different
calculations. Let us assume that a pore with a 1 mm radius was located inside a cube that is 2 mm in
length. The 3D pore ratio would be 0.52 and the 2D pore ratio, at the center, would be 0.79. Because
the cross-sections of the highly porous samples were almost fully filled with pores, the 2D pore ratio
was always higher than the water permeable porosity and the 3D pore ratio obtained using X-ray
CT. Furthermore, closed pores could represent a portion of the pores in a high-resolution microscopic
image—and they cannot be saturated by water. For these reasons, there was a difference between the
results obtained from the 3D-based testing methods—water absorption test and X-ray CT—and the
2D-based image processing. Hence, considering the different characteristics of each testing method,
their complementary uses are recommended for analyzing the porous structures of cementitious
materials well.
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5. Conclusions

This experimental study conducts a comparative analysis for characterizing the pores in
cementitious materials by adopting microscopic image processing and X-ray CT. All 12 porous
cementitious samples were fabricated using various dosages of aluminum powder and natural fibers.
The porous structures were evaluated in terms of the pore size, the number of pores, the spatial
distribution of pores along the height, and open and closed pores. The key observations and findings
of this study are summarized as follows:

1. In microscopic image processing, the local thresholding method was adopted by considering
non-uniform illumination images caused by a lateral light source. As a preliminary study,
user-defined parameters of window size and sensitivity were carefully selected as 200 × 200 and
0.5, respectively. Consequently, microscopic image processing was successfully performed and
various characteristics of pores were provided using high quality binary images. Furthermore,
the linear relationship between the 2D pore ratio and the mean pore diameter was identified.

2. X-ray CT analysis was conducted for the representative samples with a wide range of porosities.
This 3D tomographic image-based analysis provided various unique characteristics of pores,
such as open and closed pores and the distribution of pores in the 3D space. However,
a high-resolution 3D tomographic image is required in order to obtain a more accurate analysis
on the porous structures.

3. To compare the properties of porosity obtained using different testing methods, the relationship
of porosity with oven-dried density was investigated. The regression curves obtained for the
water permeable porosity and the 3D pore ratio using X-ray CT showed similar trends. On the
other hand, the results obtained using microscopic image processing provided a low 2D pore ratio
for dense materials and a high 2D pore ratio for porous materials due to both the calculations
used and the portion of closed pores that the samples contained.

As technology advances, it is expected that a high-resolution 3D tomographic image from X-ray
CT would provide a more accurate analysis for the characteristics of porous cementitious materials.
Furthermore, it might also be beneficial for investigating the relationships of porous cementitious
materials with their unique properties, such as heat conservation, noise absorption, and water drainage.
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Abstract: Curing by CO2 is a way to utilize CO2 to reduce greenhouse gas emissions. Placing early-age
cement paste in a CO2 chamber or pressure vessel accelerates its strength development.
Cement carbonation is attributed to the quickened strength development, and CO2 uptake can
be quantitatively evaluated by measuring CO2 gas pressure loss in the pressure vessel. A decrease
in CO2 gas pressure is observed with all cement pastes and mortar samples regardless of the mix
proportion and the casting method; one method involves compacting a low water-to-cement ratio mix,
and the other method comprises a normal mix consolidated in a mold. The efficiency of the CO2

curing is superior when a 20% concentration of CO2 gas is supplied at a relative humidity of 75%.
CO2 uptake in specimens with the same CO2 curing condition is different for each specimen size.
As the specimen scale is larger, the depth of carbonation is smaller. Incorporating colloidal silica
enhances the carbonation as well as the hydration of cement, which results in contributing to the
increase in the 28-day strength.

Keywords: CO2 curing; size effect; colloidal silica; cement-based material; casting method

1. Introduction

Greenhouse gas emissions in the industrial sector are of serious concern. In the construction
industry, a large amount of CO2 is emitted during the production of cement by the calcination process.
Various studies have been conducted to reduce the amount of CO2 emitted in the manufacturing
process or to utilize emitted or captured CO2 for sustainable development [1,2]. CO2 curing for
cement-based materials has been demonstrated as one possible way of utilizing CO2 [3–7].

The carbonation of calcium silicates such as C3S, β-C2S, and γ-C2S in Portland cement generally
occurs more quickly than their hydration. Therefore, the CO2 curing of early-age concrete facilitates
faster development of its strength [8]. The carbonation of anhydrous alite (C3S) and belite (C2S) is
expressed as [9]:

3C3S + (3− x)CO2 + nH→ CxSHn + (3− x)CaCO3 (1)

and
2β−C2S + (2− x)CO2 + nH→ CxSHn + (2− x)CaCO3 (2)

where CxSHn refers to the calcium silicate hydrates of (CaO)x(SiO2)(H2O)n, simply denoted by C-S-H.
The carbonation products are the calcium silicate hydrates and calcium carbonate (CaCO3). In addition,
the calcium hydroxide, a product by the calcium silicate hydration, is also carbonated:

Ca(OH)2 + CO2 → CaCO3 + H2O (3)
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The calcium carbonate, produced at an early age, precipitates in pores of the cement paste.
Consequently, cement-based materials obtain pore refinement, leading to enhanced durability and
strength [10].

The degree of carbonation was usually estimated by the mass-curve or mass-gain method [11–13].
Equation (4) calculates CO2 uptake by measuring the increase in the mass of intact samples. The increase
in the mass corresponds to the mass of reacted CO2. The mass-curve method [11] then evaluates

CO2 uptake (%) =
Mass of specimen subjected to CO2

Initial mass of specimen
× 100 (4)

The mass-curve method needs caution when monitoring the increase in the mass of samples
in a chamber. The water presented in a sample partially vaporizes due to the heat production from
the carbonation, and excess water vapor condenses on the chamber wall. The mass-gain method
compensates the water amount lost by vaporization to reduce experimental error [12–14]. Equation (5)
then expresses a calculation of CO2 uptake:

CO2 uptake (%) =
(The mass increase of a cast sample by CO2 curing) + (water loss)

Mass of raw materials for a sample
× 100 (5)

Another way to consider the CO2 uptake evaluation is by measuring the decrease in CO2 gas
pressure in a sealed reactor. The decrease in the CO2 pressure monitored for the whole carbonation
process can be converted into the CO2 mole consumed for the carbonation. Such a pressure monitoring
method is less prone to error. This paper, therefore, proposes the pressure monitoring method.

The efficiency of CO2 curing is related to water in the pore system of a sample. Water invariably
allows for the mixing and subsequent workability of cement-based materials. However, if there is
much free water in the sample, water also fills the pore of a sample fully, resulting in hindering
CO2 gas from entering the sample interior. CO2 diffusion into a sample is limited if its pores are
fully saturated. On the other hand, CO2 in gaseous form does not react, and so its dissolution in liquid
water precedes for the carbonation. Sufficient water, that is, more than the reacting amount accounted
for in Equations (1) and (2), is required for the CO2 dissolution. Previous studies [15,16] suggested the
use of a relatively low water-to-cement ratio (W/C less than 0.25) in CO2 curing, and made samples by
compaction molding. The cement compacts produced by the low water-to-cement ratio had a large
amount of air-filled pores, which resulted in a higher CO2 diffusion and CO2 uptake.

Controlling the pore system, by the use of nano-sized particles, also affects the efficiency of
CO2 curing. The nucleation effect of nano-sized limestone powder on CO2 curing was reported [17,18].
In addition to the nano-sized limestone powder, this study further investigates the effect of incorporating
colloidal silica. The nano-sized silica particles reportedly nucleate the hydration of cementitious
materials in accompany with their pozzolanic reaction [19]. As a result, it reduces the degree of
chloride ion penetration [20,21] even though the increase in compressive strength is not substantial [22].
Lastly, the optimization for CO2 curing conditions, together with the effect of specimen size, is also
investigated for the purpose of controlling the pore system.

2. Experimental Details

2.1. Materials

Ordinary Type I Portland cement and ISO standard sand (ISO 679) [23] were used to produce
samples in this study. Table 1 shows the chemical composition of the cement determined by X-ray
fluorescence spectrometry. The specific density of the sand was 2620 kg/m3. Its grain size ranged from
0.08 to 1.60 mm. The colloidal silica (commercial grade) used in this study mainly contained particles
from 10 to 20 nm, and the SiO2 content in the aqueous solution was 40%. The pH of the colloidal silica
ranged from 9.5 to 10.5.
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Table 1. Chemical composition of ordinary Portland cement (wt.%).

CaO SiO2 Al2O3 Fe2O3 SO3 MgO Na2O K2O

67.29 17.18 4.13 4.17 3.16 1.94 0.22 1.23

2.2. Sample Preparation

Table 2 lists the mix proportions of the samples. A planetary mixer was used for a total of
5 min mixing. The mixes were then fabricated by two methods: (1) Compacting or (2) conventional
consolidating-in-mold procedure following ASTM C109 [24]. The compacting method was applied to
the samples with a relatively low W/C: Paste (W/C = 0.15) and Mortar (W/C = 0.35), which considered
the condition of brick production in practice. Each mix was filled in a confined mold, and then it
was compacted by 5 kN compression for 30 min. The dimensions of the paste and mortar compacts
were as a 40-mm cube. In contrast, the dimensions for the samples, Paste (W/C = 0.4) and Mortar
(W/C = 0.5), produced by the conventional procedure [24], were various as 25-, 40-, and 50-mm cubes
so as to analyze the specimen size effect on CO2 curing. The sealed curing for the premature sample in
a mold proceeded for 24 h at approximately 25 ◦C.

Table 2. Mix proportion of samples.

Label Fabrication Method
Mix Proportion (g)

Water Cement Sand Colloidal Silica

Paste (W/C = 0.15)

Compacting †

150 1000 0 –

Mortar (W/C = 0.35) 157.5 450 1350 –

Mortar (W/C = 0.35)
with colloidal silica 157.5 450 1350 18

Paste (W/C = 0.4)

Consolidating-in-mold ‡

400 1000 0 –

Mortar (W/C = 0.5) 225 450 1350 –

Mortar (W/C = 0.5) with
colloidal silica 225 450 1350 18

† Each stiff sample in a confined mold was compressed by 5 kN (within 30 min). ‡ The mortar flow of each sample
was within 150 to 250 mm.

An additional two mortar samples incorporating colloidal silica were produced to analyze the
effect of colloidal silica. Their mix proportions and fabrication methods were the same as the samples
in Table 2, with 4% colloidal silica per cement mass.

2.3. CO2 Curing and Successive Hydration

Table 3 details the schedule of the casting and curing conditions. We considered two conditions
for the CO2 curing after demolding. The first CO2 curing condition was at 20% CO2 concentration,
where the relative humidity (RH) was 75% ± 5% and the temperature was 25 ◦C under ambient
pressure. Each sample was placed in a controlled chamber, and the 20% concentration CO2 curing
continued for 28 days.

The other was 3 bar pressure CO2 curing. The samples in a pressure vessel, vacuum-sealed
beforehand, were subjected to 99.9% purified CO2 gas for 3 h. The initial CO2 gas pressure was
set above 340 kPa, but not to exceed 380 kPa (approximately 350 kPa). Each sample in Table 2 was
subjected to 3 bar CO2 curing for 3 h, and then successive hydration followed: 21 h moisture curing
for Paste (W/C = 0.15) and Mortar (W/C = 0.35), and 28 days water curing for Paste (W/C = 0.4) and
Mortar (W/C = 0.5). The moisture curing was conducted under 85% ± 5% RH and a temperature of
approximately 25 ◦C. The water curing was conducted at approximately 23 ◦C.

The control samples were produced by the moisture curing for the Paste (W/C = 0.15) and Mortar
(W/C = 0.35). The control samples for Paste (W/C = 0.4) and Mortar (W/C = 0.5) took the water curing.
The conditions for the controlled curing were the same as the conditions for the successive hydration
after the 3 bar CO2 curing.
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Table 3. Curing condition and sequence for samples.

Label Fabrication Time
Initial Curing for 24 h

Curing Until 28 Days
3 h 21 h

Paste (W/C = 0.15)
Mortar (W/C = 0.35) 0.5 h

Moisture curing (Control)

3 bar CO2
curing Moisture curing

20% concentration CO2 curing

Paste (W/C = 0.4) Mortar
(W/C = 0.5) 24 h

Water curing (Control)

3 bar CO2
curing Water curing

20% concentration CO2 curing

2.4. Measurements

Figure 1 shows a pressure vessel designed to have a single inlet valve and a single outlet valve.
The internal temperature and pressure were monitored during the 3 bar CO2 curing. Pressure loss
caused by cement carbonation was measured using a pressure digital gauge (PDR1000; Pressure
Development of Korea Co., Daejeon, Korea). Its measurement range was from −100 kPa to 400 kPa,
and its precision was 0.1%. The sampling rate for the pressure measurement was 1 record per second.

Figure 1. Pressure vessel.

The compressive strengths of the samples were measured at the age of 1, 3, 7, 14, and 28 days
in accordance with ASTM C109 [24]. The standard test method suggests a loading rate within
0.9 to 1.8 kN/s. In this study, the loading rate for the paste and mortar samples were assigned as
1.0 kN/s and 1.5 kN/s, respectively. The strength measurements took an average of the results of three
replicated samples.

Each broken specimen following the strength measurement was used to evaluate the depth of
carbonation. The depth of carbonation was determined using 1% phenolphthalein indicator in the
broken specimen. The sprayed phenolphthalein solution on the specimen remains colorless when the
specimen was carbonated, resulting in pH < 9.

3. Results

3.1. CO2 Uptake by Pressure Monitoring

Figure 2a shows the pressure loss of each pressure vessel during the 3 bar CO2 curing of Mortar
(W/C = 0.35) and Mortar (W/C = 0.5) as an example. The values were calibrated by considering a CO2

leakage of 0.696 kPa/h in the pressure vessel. The CO2 pressure decreased over time, where the initial
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pressure was approximately 350 kPa as injected. Taking the slope at each point, the carbonation rate in a
unit of kPa/h was evaluated as shown in Figure 2a. CO2 in the pressure vessel was also dissolved in the
water phase of a sample, but the dissolution in water phase went to equilibrium quickly. The rate of the
pressure decrease, disregarding the initial pressure records right after the initiation of the monitoring,
therefore directly indicated the CO2 amount being carbonated.

Figure 2. Pressure loss and CO2 uptake of Mortar (W/C = 0.35) and Mortar (W/C = 0.5). (a) Decrease of
CO2 pressure, (b) Carbonation rate, (c) CO2 uptake.

The consumed CO2 was then calculated with the ideal gas equation, PV = nRT, where R is the
gas constant of 8.314 J/mol/K. The volume of the pressure vessel was V = 0.004 m3. The temperature
slightly changed over time, but it was averaged at T = 24 ◦C or 301 K. The consumed CO2, n = PV/RT
per unit time, represented the carbonation rate in a unit of mol/h. Normalizing the carbonation rate
with the cement mass required for producing the samples in the pressure vessel yielded its value per
cement mass, as shown in Figure 2b. Integrating the carbonation rate for the time of the CO2 curing
gave the CO2 uptake of each sample, where the percentage was calculated with the molecular weight
of CO2 (44.01 g/mol) as shown in Figure 2c.

In Figure 2a, it can be seen that Mortar (W/C = 0.5) had a fast loss of pressure. However, as shown
in Figure 2c, the actual amount of carbonation should be divided by the cement mass compared to
the total mass. The result indicates that the CO2 uptake of the Mortar (W/C = 0.35) is larger than
the CO2 uptake of Mortar (W/C = 0.5). As a result, it could be confirmed that the Mortar (W/C =
0.35) compact showed quicker carbonation, and with that, CO2 uptake, compared with the Mortar
(W/C = 0.5) sample.

Table 4 compares the CO2 uptake per cement mass, where its value at 3 h is representatively
reported. First of all, as expected, the Paste (W/C = 0.15) and Mortar (W/C = 0.35) compacts
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proportioned by a low W/C ratio had a higher CO2 uptake compared with the Paste (W/C = 0.4) and
Mortar (W/C = 0.5) samples. The compacts made of low W/C had a high air-filled porosity, resulting
in easy CO2 diffusion inside. Second, there was a size effect on the CO2 uptake of the paste samples.
The 40-mm cube specimens showed a higher CO2 uptake than the 25-mm cubes of the replicated
samples. Lastly, incorporating colloidal silica increased the CO2 uptake of the mortar samples. This will
be discussed later in detail.

Table 4. Results of CO2 uptake.

Sample
CO2 Uptake at 3 h (%)

40-mm Cube 25-mm Cube

Paste compact (W/C = 0.15) 17.54 15.80

Paste sample (W/C = 0.4) 1.43 0.80

Mortar compact (W/C = 0.35) 9.51 –

Mortar sample (W/C = 0.5) 2.60 –

Mortar compact (W/C = 0.35) with colloidal silica 14.85 –

Mortar sample (W/C = 0.5) with colloidal silica 3.11 –

3.2. Compressive Strength

Figure 3 compares the 1-day strengths of the 40-mm cube samples. The CO2 curing was influential
in the early-age strength development of the paste samples. The strengths of Paste compact (W/C = 0.15)
and Paste sample (W/C = 0.4) subjected to CO2 curing were higher than the control sample (moisture
curing for 24 h). The 20% CO2 curing for 24 h was much more effective in the Paste samples (W/C = 0.4),
while the 3 bar CO2 curing was better in the Paste compacts (W/C = 0.15). The effectiveness of the
CO2 curing condition bifurcated with the mortar samples. The 20% CO2 curing resulted in a higher
strength regardless of the casting method, whereas the 3 bar CO2 curing failed.

Figure 3. Strength of 1-day samples fabricated by (a) compacting and (b) consolidating-in-mold method.

Figure 4 shows the strength development of the 40-mm cube samples of Mortar (W/C = 0.5),
where each trend was fitted in a hyperbolic equation. Following the trend of the early-age strength,
as illustrated in Figure 3, the 20% CO2 curing provided a higher strength gain than the other curing
conditions. Incorporating colloidal silica intensified the effect of the 20% CO2 curing, which resulted
in higher 28-day strength. However, the effect of the 3 bar CO2 curing was negligible, as shown in
Figure 4, and even negative for Mortar (W/C = 0.5) incorporating colloidal silica.
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Figure 4. Strength development of Mortar (W/C = 0.5).

4. Discussions

4.1. Optimization for CO2 Curing Condition

Both the initial pressure level and the duration in which the samples remained in the pressure
vessel affect the efficiency of the CO2 curing. A high pressure of CO2 reportedly accelerates the
carbonate reaction at an early age [25,26]. In this study, the initial pressure was therefore controlled
for all samples: 3 bar, strictly inbetween 340 to 380 kPa, as stated in the previous section. For the
effect of the duration, a preliminary test was conducted to optimize the CO2 curing condition using
the pressure vessel. The duration of the CO2 curing then took the period in which the carbonation
rate slowed to a crawl. As shown in Figure 2, the 50-mm cube Mortar (W/C = 0.35) and Mortar
(W/C = 0.5) samples were cured for more than 6 h. The carbonation rate of Mortar (W/C = 0.35) is
1.71 × 10−4 mol/h/g at 3 h, and 0.98 × 10−4 mol/h/g at 6 h. The carbonation rate of Mortar (W/C = 0.5) is
5.40 × 10−5 mol/h/g at 3 h, and 3.02 × 10−5 mol/h/g at 6 h. The carbonation rate decreased from 3 h to 6
h was within 5% compared to the carbonation rate decreased during the initial 1 h. The carbonation
under the initial pressure of 350 kPa was almost accomplished within 3 h.

The time of demolding is also critical for the effectiveness of CO2 curing on the sample produced
by the conventional consolidating-in-mold procedure [27]. The time of sealed curing in a mold affects
the air-filled pore system [16]. Cement hydration is expected to consume water and at the same time,
also produce solid hydrates in the pores. The former increases the volume of air-filled pores, but the
latter adversely decreases the total amount of pores. Another preliminary test was conducted for
this case. The Paste (W/C = 0.4) and Mortar (W/C = 0.5) were sealed in 40-mm cube molds for 6, 12,
18, and 21 h, and then they were subjected to 3 bar CO2 curing after their demolding. Table 5 lists
their CO2 uptakes. Note that the Mortar (W/C = 0.5) sample was broken when it was demolded at 6 h.
Paste (W/C = 0.4) and Mortar (W/C = 0.5) had the highest CO2 uptake with the demolding time of 12 h
and 18 h, respectively. After that, the CO2 uptake monotonically decreased with the demolding time.
The air-filled pores were expected to decrease stably with the cement hydration. The time of 21 h for
the demolding was therefore taken for the period when the air-filled pores showed stable change.
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Table 5. CO2 uptake depending on sealed time.

Sample Demolding Time (h) CO2 Uptake (%)

Paste (W/C = 0.4)

6 0.76
12 1.31
18 0.89
21 0.74

Mortar (W/C = 0.5)

6 –
12 3.06
18 3.77
21 2.74

4.2. Effect of Specimen Size

The size effect on the strength of cement-based materials is inherent, and CO2 curing affects the
size effect of sample because of inconsistent CO2 diffusion. Figure 5 shows the carbonation depth of
Mortar (W/C = 0.5) subjected to 20% CO2 curing for 28 days, where the area of carbonation can be
clearly compared. The 25-mm cube specimen was fully carbonated, but its 40-mm and 50-mm cubes
were not fully carbonated, displaying a crimson color inside (pH > 9).

Figure 5. Carbonation depth of Mortar (W/C = 0.5) cured in 20% concentration CO2 for 28 days.

The size effect law [28,29] helps us to understand the measurement of the compressive strengths
of concrete. A large concrete cylinder provides a lower strength than that of a small cylinder which is
geometrically similar to the large one. The tendency could be fitted with a size-effect equation [30].
Applying it to the current measurement generates an equation predicting the strength of a D-sized
cube, fcu(D), based on that of a 25-mm cube:

fcu(D) =
fcu(25)[

1 +
(

D
λ0da

)]1/2
B + α fcu(25) (6)

where α, B, λ0, and da can be considered empirical constants. Each parameter, notably λ0 and da, has a
physical meaning; however, here it is important that the parameters are constant. The variation of each
strength is then explained by a linear relation of:

∂ fcu(D)

∂ fcu(25)
=

1[
1 +
(

D
λ0da

)]1/2
B + α (7)

Using Equation (7) allows us to consider the strength development of each sample. For example,
Δfcu (25) is calculated by the difference in the 25-mm cube strength at a certain age compared with
28 days (the reference age). Figure 6 comparatively shows the strength variation (development) of
Mortar (W/C = 0.5). The linear trend lines, whose slopes correspond with the constant in Equation (6),
do not change according to CO2 curing when the 25- and 40-mm cube strengths are compared: Δfcu(25)
and Δfcu(40) in the left figure. However, the linear trend lines of the samples subjected to the 20% CO2
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curing go off on the trend with the 50-mm cube strength (Δfcu(25) and Δfcu(50) in the right figure).
The resultant nonlinear trend indicates that the size-effect parameters in Equation (6) need corrections
or its reformulation. Partial carbonation on the edge of the 50-mm cube specimen, as shown in Figure 5,
breaks the assumption of a geometrically similar specimen, which results in the nonlinear trend.
In order to fit into the size effect law, the degree of carbonation in specimens with different size should
be similar under the same CO2 curing condition. However, in this study, as the specimen size is larger,
the depth of carbonation is smaller. This result may show that the size effect law of the specimen in
CO2 curing does not fit.

Figure 6. Comparison of the size effect on the strength development of mortar (W/C = 0.5).

4.3. Effect of Colloidal Silica on CO2 Curing

Colloidal silica reportedly contributes to a low diffusivity in a hardened cement paste and a low
degree of carbonation because it has the filling/nucleating effect [20,31]. However, the CO2 curing
produced an opposite effect. Incorporating the colloidal silica in the mortar samples subjected to the
3 bar CO2 curing increased the CO2 uptake approximately 56% for Mortar (W/C = 0.35) and 19% for
Mortar (W/C = 0.5), as documented in Table 4. Incorporating non-reactive nanoparticles reportedly
result in a slight increase in the rate of cement hydration because they provide supplementary nucleation
sites [32–34]. Colloidal silica provides nucleation sites for the carbonation as well as the hydration of
cement. Colloidal silica is more effective in the high-rate carbonation during which cement hydration
is dormant. As a result, carbonation by 3 bar CO2 curing (at the age of 3 h) is accelerated.

Conversely, as shown in Figure 4, the strength of the mortar incorporating colloidal silica was
not enhanced, but even weakened by the 3 bar CO2 curing. The carbonation products, mostly calcite,
are not helpful for improving strength. Calcites are crystallized, and they do not provide a binding
force among aggregates. Their inclusion in a paste matrix even cuts a binding link of the main hydrates
(C–S–H). The strength of the mortar is consequently less developed.

When the samples incorporating colloidal silica were continuously subjected to 20% CO2 curing,
their strengths increased up to 15% at 28 days. Colloidal silica certainly accelerates carbonation with
20% CO2 curing. Here, as opposed to the short-period 3 bar CO2 curing, carbonation continues
concurrently with cement hydration in 20% CO2 curing. Calcite crystals produced by the carbonation
put C–S–H on themselves at nano-scale, and the C–S–H layer is consequently reinforced by the
distributed calcite [35–37]. The continuous 20% CO2 curing consequently improves the strength of the
mortar sample.

5. Conclusions

Curing by CO2 can accelerate and improve the strength of cement-based materials via cement
carbonation. In this study, 3 bar CO2 curing was applied to premature cement paste and mortar for 3 h,
and then successive conventional curing followed for cement hydration. As a result, the strength of a
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paste compact (W/C = 0.15) increased a lot, providing a high CO2 uptake. That of a Paste (W/C = 0.4)
consolidated in a mold also displayed a meaningful increase. However, despite cement carbonation, 3
bar CO2 curing resulted in an adverse effect in terms of the strength of a mortar compact (W/C = 0.35),
while that of a mortar (W/C = 0.5) consolidated in a mold was unchanged. In contrast, continuous 20%
CO2 curing increased the strengths of all the cement paste and mortar samples. Partial carbonation
inside a specimen affects the size effect on the strength of the cement mortar. Incorporating colloidal
silica provides more nucleation sites for cement carbonation, with the result that the effect of 20% CO2

curing is slightly improved.
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Abstract: Silica fume (SF) is a key ingredient in the production of ultra-high performance
fiber-reinforced concrete (UHPFRC). The use of undensified SF may have an advantage in the
dispersion efficiency inside cement-based materials, but it also carries a practical burden such as high
material costs and fine dust generation in the workplace. This study reports that a high strength
of 200 MPa can be achieved by using densified SF in UHPFRC with Portland limestone cement.
Additionally, it was experimentally confirmed that there was no difference between densified and
undensified SFs in terms of workability, compressive and flexural tensile strengths, and hydration
reaction of the concrete, regardless of heat treatment, because of a unique mix proportion as well as
mixing method for dispersing agglomerated SF particles. It was experimentally validated that the
densified SF can be used for both precast and field casting UHPFRCs with economic and practical
benefits and without negative effects on the material performance of the UHPFRC.

Keywords: ultra-high performance fiber-reinforced concrete; densified silica fume; agglomeration;
pozzolanic reaction; densification

1. Introduction

Ultra-high performance fiber-reinforced concrete (UHPFRC) is a construction material that has
excellent mechanical properties, durability, and flowability. Its development was attributed to the
achievement of optimal packing density by the use of ultrafine particles such as silica fume (SF) and
quartz powder, the prevention of brittle failure by the inclusion of the high volume of short fibers, and
advances in the technology of chemical admixtures [1,2]. The demand for this commercial material has
increased in earnest since the beginning of this century, mainly related to innovative and sustainable
structures such as building facades, infrastructures, and protection or explosion-proof facilities [3,4].
In these circumstances, practical factors such as price competitiveness, sustainability, accessibility of
raw materials, and worker safety are becoming increasingly important concerns. With regard to the
sustainability of this material, one major challenge was to reduce its enormous content of Portland
cement (up to 1000 kg/m3) or unnecessary unhydrated cement [5,6]. Therefore, the incorporation of
various supplementary cementitious materials (SCMs) such as limestone powder, calcined clay, fly ash,
ground granulated blast furnace slag, steel slag, and metakaolin has been attempted in order to replace
a portion of the cement [7–13]. Considering the practical aspect in particularly, cement replacement by
limestone powder has been regarded as one of the most effective solutions [14–19].
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To enhance UHPFRC’s market competitiveness, it is also important to reasonably determine the
type and content of silica fume (SF), considering economic efficiency and usability. SF is one of the
most widely used ultrafine particles today, but, at the same time, it is also one of the most expensive
construction materials due to its limited supply [20]. Therefore, inevitably, the more the material is
incorporated, the higher the material cost of concrete [21]. After pioneering studies on the optimization
of packing density by the use of ultrafine particles [1,2,22], it has been generally agreed that the optimal
ratio of SF to the weight of cement is 25% in UHPFRC [6,23]. However, this ratio is at least two to
three times higher than other types of concrete [20], and this gap is even more overwhelming when
compared based on the content per unit volume of concrete [24].

Although SF makes a significant contribution to UHPFRC’s material price, the use of alternative
materials must be approached cautiously because SF is one of the most important raw materials
affecting almost all material properties of UHPFRC. The ball bearing effect, which acts as a lubricant
by the combination of SF and superplasticizer, and the micro filling effect that fills the space between
fine particles or refines the capillary pore structure contribute decisively to exhibiting the unique
characteristics and superior performance of UHPFRC [25]. The yield stress of fresh UHPFRC is reduced
by the ball bearing effect, which guarantees its superior self-compacting ability [23]. The micro filling
effect makes cement paste extremely compact and increases the interfacial bond between aggregates
and the paste [26,27]. SF is also responsible for making the fiber matrix interface area; as an example,
the interfacial bond strength within the steel fiber matrix is significantly affected by the content of
the ultrafine particles [28]. SF particles that can be adsorbed on a cement particle up to millions also
affect the chemical reaction of UHPFRC [29]. By providing a site for nucleation of calcium silicate
hydrate (C-S-H), it accelerates cement hydration and directly participates in secondary hydration (i.e.,
a pozzolanic reaction) [30,31]. In particular, the latter not only reduces the content of portlandite, which
negatively affects the strength and durability of the cement paste, but it also forms additional C-S-H,
which improves these properties [32]. For these reasons, although it has been previously reported that
SCMs composed of amorphous silica can replace the chemical roles of SF [33], it has been suggested
that, with these materials, it is difficult to completely replace all the complicated roles of the SF in
UHPFRC, especially in terms of the physical effects carried out by spherical particles with submicron
size [9,24,25]. This further supports the extreme difficulty in finding materials that can replace SF
in UHPFRC.

As another alternative, the use of densified SF can be considered, and this can be a practical
compromise as it has been the type of product commonly used in the concrete industry [29,34]. When
collected in a silo as a produced form, SF originally has a density of 125 to 150 kg/m3 [35]. However,
an additional process for densification of ultrafine particles proceeds due to the improvement of
convenience in handling and transportation (also related to material cost) and workers’ health problems
caused by fine dust (also related to labor cost) [36]. When air is blown into the silo, the particles
roll and agglomerate in tens of μm to several mm, so that its density increases in the range of 480
to 720 kg/m3 [37]. Although undensified SF with a density of less than 350 kg/m3 is also used in
limited amounts for special applications such as those involving pre-bagged products and grouts [38],
it is not a widely used form for concrete production due to its high price, caused by low demand
and the inconvenience involved with transportation and storage, as well as dust generation in the
workplace [37]. However, despite disadvantages in usability and price competitiveness, undensified
products have been preferred as suitable SFs in the production of UHPFRC because they can guarantee
better dispersion than a densified product. Indeed, improved homogeneity compared to other types of
concrete was one of the basic principles in the development of UHPFRC, and it has been considered
that homogeneous dispersion of ultrafine particles is a prerequisite prior to particle size and specific
surface area (SSA) of ultrafine particles [1]. For this reason, despite the practically great advantages,
the feasibility of the densified product and its effect on the material properties of UHPFRC have been
barely investigated.
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When studying concrete with SF, its agglomeration tendency should be taken into account since
SF particles do not exist in the form of independent nanoparticles but almost always as lumps [34,39].
This situation has been commonly reported in concrete containing coarse aggregate despite partial
crushing of the lumps during the mixing process [40,41]. The agglomeration phenomenon is no
exception in the SF manufactured as a collected state [42]. In other words, undensified SF can also
not be free from agglomeration issues, so it is difficult to guarantee its complete dispersion within
UHPFRC [43]. Moreover, due to the nature of the agglomeration, it is also considered very challenging
to accurately measure the particle size or size distribution of SF [41]. Although ultrasonic dispersion or
sonification before measurement is somewhat effective [44], it did not show completely satisfactory
results because it could not affect the strong electrical attraction of the whole particles [41,45–47].
In general, laser diffraction (LD) and dynamic light scattering (DLS) are used for particle size analysis
of powder materials, with advantages such as short analysis time and good reproducibility [48,49].
These techniques are suitable for particles with sizes between 0.5–3500 μm and 0.5–3 to 5 μm,
respectively [49,50]. In this context, it has been suggested that it is reasonable to exclude the results
of >1 μm range that are clearly larger than the size of separated SF particles while including the
ultrasonic dispersion process [34,35]. Similarly, DLS techniques can be considered to characterize
silica nanoparticles as they can naturally exclude large fractions of agglomerates depending on the
measurement range of the device [25,32,51].

The main purpose of this study is to investigate the feasibility of using densified SF in order to
improve the usability and price competitiveness of UHPFRC.

2. Materials and Methods

Three types of SF products with different manufacturers, manufacturing methods, and ages were
prepared and then their effects on the material properties of the concrete were experimentally examined.
First of all, to characterize SF products, chemical analysis by X-ray fluorescence (XRF), morphological
analysis by high-resolution field emission scanning electron microscopes (FE-SEM), individual particle
size calculation by the image processing technique, particle size distribution measurement by DLS, and
SSA measurement by the BET method were carried out. Additionally, the performance of UHPFRC
with different SF products was evaluated by measuring slump spread and mechanical properties such
as compressive and flexural tensile strengths. Finally, X-ray diffraction (XRD) and thermogravimetric
(TG) analyses were performed to compare the hydration mechanism due to the different form of SF on
the properties of the concrete.

2.1. Preparation of UHPFRC Samples

For the experiment, UHPFRC was manufactured using Portland limestone cement, SF, quartz
powder (SiO2 > 97 wt %), quartz sand (SiO2 > 90 wt %), water, polycarboxylate (PCE)-based
superplasticizer, and steel fiber (Φ0.2 mm × 13 mm, tensile strength > 2500 MPa), as in previous
studies [16,17]. The mineralogical composition of the used cement is monoclinic alite (46.79 wt %),
triclinic alite (6.94 wt %), monoclinic belite (2.19 wt %), orthorhombic belite (1.38 wt %), anhydrite
(0.61 wt %), aluminate (0.88 wt %), gypsum (1.09 wt %), dolomite (12.36 wt %), calcite (21.38 wt %),
and amorphous content (6.38 wt %) measured by quantitative XRD analysis. The results of particle
size analysis of the raw materials by LD are shown in Figure 1. Considering the measurement range
of the equipment used (Mastersizer 3000, Malvern Panalytical, UK), the size distributions of cement,
quartz powder, and quartz sand were measured. The size of quartz powder was in the range of 1 to
20 μm; moreover, its sizes were located within the range of the particle size of cement (0.4 to 100 μm),
confirming that the quartz powder can properly perform its primary role in UHPFRC, i.e., filling the
space between cement particles [1].
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Figure 1. Particle size distribution of raw materials by laser diffraction.

Three different SF products (labeled as SF1_U, SF2_U, and SF2_D) were prepared as experimental
variables. SF1_U is a high quality, undensified SF product available worldwide. It is named
Microsilica-Grade 940U (Elkem, Oslo, Norway) and its bulk density is 200 to 350 kg/m3 according
to the manufacturer’s specifications. Around three years had passed since the purchase date of the
product, but when estimated based on the date of manufacture, a much longer period should have
elapsed considering import, distribution, and storage by domestic dealers. SF2_U and SF2_D are
undensified and densified SF products manufactured in the same factory (POSCO, Pohang, Korea)
and have bulk densities of ~180 and ~500 kg/m3, respectively. These domestic products, which do not
require shipping or long-term transport and storage, had not been in our possession more than one
year from the date of manufacture. As shown in Table 1, analysis results of chemical composition by a
wavelength dispersive XRF spectrometer (S4 PIONEER, Bruker, Germany) verify that all products
met the purity requirement of SF (>96 wt %) suitable for UHPFRC [23]. One reason that purity is
important is that the inclusion of impurities, especially unburned carbon, has serious adverse effects
on the hydration, mechanical properties, and workability of UHPFRC [24]. The results of XRF analysis
also confirm that all SF products have the ability to function as highly reactive pozzolans and that their
chemical compositions can be excluded from experimental parameters.

Table 1. Chemical composition of silica fume samples.

Sample SiO2 K2O Al2O3 MgO CaO Na2O SO3 Fe2O3 Others 1 LOI 2 Total

SF1_U 96.00 0.83 0.72 0.40 0.27 0.26 0.19 0.10 0.20 1.00 99.98
SF2_U 96.88 0.36 - 0.17 0.16 - 0.46 0.53 0.09 1.36 100.00
SF2_D 96.29 0.40 0.31 0.22 0.13 - 0.40 0.71 0.13 1.40 99.99

1 Components with less than 0.1% of content (Cl, P2O5, ZnO, MnO, CuO, Ru, Pd); 2 Loss on ignition.

UHPFRC samples were prepared based on the mix proportions shown in Table 2; this was done
with a 5-L planetary mixer. SF was blended with quartz sand at low speed (140 rpm) for 5 min to
break up the lumped, ultrafine particles by collision with hard grains. This is possible because the
collisions between particles enable dispersive movement, which causes collapse and dispersion of the
agglomerated particles [52]. The remaining powders (cement and quartz powder) were then blended
for another 5 min after being placed into the mixer. After 10 min of the dry blending process, water and
superplasticizer were poured into the mixer and low speed mixing was maintained until the mixtures
were agglomerated. As shown in Figure 2, the agglomeration of the mixture proceeded in two stages,
during which local agglomeration of the relatively small grains was followed by the formation of one
large agglomerate due to the agglomeration of the small grains.
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Table 2. Mix proportions of UHPFRC (by weight of cement).

Cement Silica Fume
Quartz
Powder

Quartz
Sand

Water Superplasticizer 1 Steel Fiber 2

1 0.25 0.35 1.1 0.25 0.0012 2%
1 Solid contents; 2 By volume of UHPFRC.

Figure 2. Manufacturing process of UHPFRC: (a) formation of small grains by local agglomeration;
(b) agglomeration of small grains into large lumps; (c) dispersion after solid-suspension transition.

When mixing is maintained for a certain period of time after the liquid materials are added, a fluid
bond is formed between the particles so that the materials in the mixer begin to agglomerate, as shown
in Figure 2a. The interparticle force between particles increases due to the surface tension of the water
and the capillary pressure inside the bond, which requires the mixer to increase its power to further
disperse the particles; eventually, dispersion efficiency increases [53]. When all the ingredients in
the mixer were agglomerated, the power of the mixer reached its maximum, as shown in Figure 2b.
Immediately after this, a transition occurred between the solid aggregate and the dispersed suspension;
at this time, the particles inside the aggregate were evenly distributed and the space between the
particles was filled with liquid. Once this transition occurred, the capillary force disappeared so that
the power consumption of the mixer was drastically reduced. Consequently, the mixture began to have
self-compacting abilities, as shown in Figure 2c. After the steel fibers were added into the mixture,
which had been changed to the suspension state, they were mixed at a high speed (285 rpm) for 2 min
as the last step of the manufacturing process.

The freshly prepared UHPFRC was filled in the prepared mold. The concrete was poured slowly
at one end of the mold when casting prismatic specimens to exclude the effect of fiber orientation.
All specimens were cured in a sealed state at 20 ◦C on the first day. The next day, heat treatment
was applied. In other words, the specimens were cured at 90 ◦C for 2 days after demolding, as the
standard heat treatment method. From the third day to the experimental day, specimens were cured in
a chamber set at 20 ◦C and 60% relative humidity (RH). In addition, the samples without heat treatment
were also prepared. In this case, the specimens were exposed to air drying conditions (20 ◦C and RH
60%) from the next day after casting.

2.2. Experimental Methods

For morphological analysis of raw materials, microscopic observation was performed using
FE-SEM equipment (JSM-7800F Prime, JEOL Ltd., Tokyo, Japan). Powder samples were fixed on a
carbon tape bonded holder and the upper surface of the holder was coated with carbon to prevent
the charging effect. The holder was then inserted into the microscope and images of the particles
were captured at a magnification of up to ×100,000. Additionally, the SEM images of SF were used to
obtain its size distribution based on individual spherical particles. Since the results can significantly
vary depending on the number of particles or images, the image processing technique was performed
according to the method specified in ISO 13322-1 [54].
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As another method for obtaining the particle size distribution of SF, an analysis using DLS was
performed. To improve dispersion efficiency, the sample was sonicated for 5 min in an ultrasonic bath
(53 kHz and 200 W) and then the size distribution was measured at a set temperature (25 ◦C) by the
device (Zetasizer Nano ZSP, Malvern Panalytical, UK). Moreover, SSA of SF samples was determined
by the BET method, for which the nitrogen adsorption desorption isotherms were recorded using a
surface area analyzer (Autosorb IQ-MP/XR, Quantachrome Instrument, Boynton Beach, FL, USA).

To measure the material properties of UHPFRC, a series of experiments was conducted on
workability, compressive strength, and flexural tensile strength. Workability of the fresh concrete
was evaluated by the use of a flow table test without shock [55]. Compressive strength tests were
performed according to ASTM C109 [56]; on the 28th day, cube specimens with one side of 50 mm were
loaded by a universal testing machine and the average of the three specimens was determined as the
strength value. On the same day, flexural tensile strength was measured by the three-point bending
test method specified in ISO 679 [57]. For this, line loads were applied to three prismatic specimens
(40 mm × 40 mm × 160 mm) by the machine.

XRD and TG analysis were performed to investigate the effect of SF on the hydration reaction of
UHPFRC. To improve the precision of the analysis results, paste samples (excluding the materials that
do not contribute to the chemical reaction, such as fine aggregate and steel fibers) were additionally
prepared on the same day as the UHPFRC samples. On the 28th day, the hydrated paste was
crushed and ground into a powder. Thereafter, the hydration reaction of the samples was stopped
using isopropanol and diethyl-ether, according to the solvent exchange method [58,59]. After the
pretreatment, the powders were placed on sample holders and then mounted on an X ray diffractometer
(SmartLab SE, Rigaku, Tokyo, Japan). XRD patterns were collected by Cu·Kα1 radiation (λ = 1.5406 Å)
under the established conditions, such as voltage: 40 kV; current: 40 mA; step size: 0.02◦, and scanning
speed: 1◦/min. The patterns collected between 5◦ and 70◦ were analyzed by SmartLab Studio II
software (Rigaku, Tokyo, Japan), equipped with an NIST inorganic crystal structure database and
crystallography open database.

TG analysis was performed to quantitatively estimate the consumption of portlandite due to the
pozzolanic reaction. Around 50 mg of powder samples was weighed in an alumina made sample
holder which was placed on an analytical instrument (SDT 650, TA Instruments, New Castle, DE, USA).
Under an environment where nitrogen gas was introduced at the rate of 100 mL/min, the samples
were heated from 30 to 1000 ◦C at the rate of 10 ◦C/min. The weight loss with increasing temperature
was recorded and the derivative thermogravimetric (DTG) was presented in the graph along with the
weight loss to clearly identify the sudden weight change in a specific temperature range.

3. Results and Discussion

3.1. Observation of Agglomerated SF Particles

Figure 3 shows SEM images of cement and quartz powders at various magnifications. As depicted
below, these μm sized particles do not aggregate together but exist separately. The cement is composed
of particles with a wide range of sizes from ~1 to ~50 μm (Figure 3a–c). In the case of quartz powder,
the large particles were around 20 to 30 μm and the small ones were around several μm (Figure 3d–f).
Compared to the cement, quartz powder showed a narrow particle size range because the crushed
rock was sieved within a specific size range during its manufacture. The observation of particle size by
SEM tended to be consistent with the result of LD-based analysis, as shown in Figure 1. This implies
that particle size analysis for completely separated powders can ensure good reliability.
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Figure 3. SEM images of cement (a–c) and quartz powder (d–f) with various resolutions.

Prior to SEM observation of the SF particles, visual inspection was performed as shown in Figure 4.
Although the sample SF1_U is an undensified product, many lumps large enough to match the size
of the coarse aggregates were observed. This was probably due to the agglomeration during a long
period of shipment, transportation, and storage. Moreover, during this period, a vertical load was
applied by the other products stacked on top of it. On the other hand, such large lumps were not found
in the sample SF2_U, which should have been less affected by the factors related to aggregation after
manufacturing. As expected, the sample SF2_D consisted of globular lumps due to the densification
process during manufacturing. The size of the lumps was up to several mm, and, unlike irregular ones
in the sample SF1_U, they were almost perfectly spherical. This means that, once lumps are formed
during the densification process, they are difficult to agglomerate thereafter, and thus this type of
product has advantages for quality control.

Figure 4. Visual observation of SF samples as a state used for manufacture of UHPFRC: (a) SF1_U, (b)
SF2_U, and (c) SF2_D.

The true nature of these lumps can be viewed in detail by the use of SEM images (Figure 5).
Figure 5a shows dust-like lumps that were observed. As mentioned in the introduction, the spherical
nanoparticles never existed independently. The size of the lumps was various, and large ones of
several tens of μm were also seen. The magnified images are presented in Figure 5b,c, in which myriad
nanoparticles were agglomerated together to form the lumps. It has been reported that such lumps
can consist of up to several tens of millions of nanoparticles [41]. As shown in Figure 5d–f, where
individual nanoparticles are observed, it was confirmed that their size is tens to hundreds of nm based
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on separated spheres. In particular, some particles are not separate spheres but rather they appear
to melt and stick together (yellow arrows in Figure 5d,e). Another interesting discovery was that of
broken particles (white arrows in Figure 5f), indicating that the SF particles also have the shape of a
hollow sphere, like other spherical SCMs such as fly ash.

Figure 5. SEM images of SF1_U samples with various resolutions: agglomerated lumps (a–c) and
spherical nanoparticles (d–f) inside lumps.

It is generally known that SF particles are mostly (>95%) composed of nanoparticles [27]. However,
it should be noted that a significant part of the SF particles has a form of linked spheres, regardless of
the densification process. Spherical nanoparticles that are connected as a result of sintering or fusion
have been previously observed [39]. As also found in this study (Figure 5d,e), consequently, general
forms of SF particles are aggregates of several spheres rather than independent spheres [37]. This
type of connection is completely different from the agglomeration due to the densification process
because it is a very strong and irreversible bond. When high purity quartz is converted to silicon at
a high temperature (~2000 ◦C), SiO2 vapor is generated; the vapor oxidizes and condenses at a low
temperature while forming spherical particles with a size of 100 to 200 nm, but when they come into
contact with each other in the molten state, primary aggregation occurs [60]. Due to this, dozens to
hundreds of spheres are connected, and, typically, the size of these clusters has been reported to be
500 to 800 nm [41]. Such clusters formed by primary aggregation cannot be separated unless they are
broken. For this reason, there has been confusion about the effective size of SF in all cases: immediately
after manufacture, at the point of use, and after being incorporated into concrete [35].

Figure 6 shows the particle size distribution of SF samples by DLS and image processing techniques.
By comparing the results of SF2_U (DLS) and SF2_D (DLS), the effectiveness of the technique (DLS
with ultrasonic treatment)—which excludes the effect of the densification process—can be verified.
As evident from visual observation (Figure 4), there was a significant difference in the degree of
aggregation between the two samples, but, nevertheless, there was almost no difference in particle size
distribution, as shown in Figure 6. In both samples, the main peak was formed between 70 nm and
1 μm. However, in the size of the peak formed between 1 and 10 μm, the densified sample was larger
than the undensified sample due to the contribution of large, aggregated particles. For this reason,
SF2_D showed a higher value than SF2_U in the average particle size, as shown in Table 3. Meanwhile,
by comparing the two yellow and blue curves, differences can be observed between the two products
classified by the manufacturer. Regarding the proportion of the particles with sizes of >400 nm,
the SF1_U sample had a higher value than SF2_U and SF2_D, which also resulted in a difference in
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average particle size (Table 3). This is presumably due to an increase in the agglomeration of small
particles during the manufacturing process or thereafter. Moreover, the agglomeration phenomenon
that had become stronger over a long period of time could have lowered the dispersion efficiency by
the ultrasonic treatment.

Figure 6. Particle size distribution of SF samples by DLS and SEM-based image processing techniques.

Table 3. Average particle size and specific surface area of SF samples.

Sample Name SF1_U SF2_U SF2_D

Average particle size by DLS (nm) 440 300 311
Specific surface area by BET

method (m2/g) 23.8 25.3 22.9

Outcomes of the difference between the image processing and DLS techniques can be confirmed
by comparing the two results of SF1_U (SEM) and SF1_U (DLS) (see gray dotted line and blue solid line
in Figure 6). As expected, compared to DLS, the image processing technique formed the particle size
distribution in a small size range, since it did not reflect the agglomeration phenomenon at all. Both
methods have their own limitations. In particular, DLS can overestimate the particle size of SF because
it measures hydrodynamic size (not a static or dry particle size) [61]. Nevertheless, this technique
can be considered more suitable than the SEM-based image processing technique to measure the size
distribution of SF particles. This is because effective particle sizes have more significant meanings
than those that are independent due to their agglomerating nature [22]. Furthermore, the use of a
high-resolution microscope is time consuming and expensive, and only a limited number of particles
included in the 2D image are considered in the results. Indeed, results from previous studies have
suggested that the actual size observed by SEM is unable to reflect the realistic particle size distribution
because SF is always present in a clustered or agglomerated state [25,41].

The SSAs of the samples are shown in Table 3. The measured value was 22.9 to 25.3 m2/g and
the deviation between the minimum and maximum was around 10%. This is consistent with the
results of the previous study in that SSA of SF was in the order of 20 m2/g, despite diversity in type
or manufacturer [41]. Moreover, there was no significant difference among the three samples of
SSA, which is one of the most important parameters for the chemical effect of SCM on cement-based
materials [32,45]. Unlike other natural or industrial byproduct-based SCMs, one of the advantages of
SF is very low quality variation in terms of chemical composition, particle size, and SSA, which can
vary by factory and manufacturer [62]. In this aspect, the measurement results in this study showed
this benefit well.

3.2. Material Properties of UHPFRC with Various Types of Silica Fume

The measured flow diameters were 270, 260, and 255 mm for the fresh UHPFRC samples containing
SF1_U, SF2_U, and SF2_D, respectively. According to the international standard on UHPFRC, their

237



Materials 2020, 13, 3901

workability class is Cv, meaning viscous UHPFRC with self-compacting ability [63]. When comparing
the two UHPFRC samples containing SF2_U and SF2_D, there was almost no difference, although the
flow diameter was slightly higher than when undensified SF was used. If other conditions are the
same, as the SF is more evenly dispersed in UHPFRC, the yield stress is further reduced due to the
ball bearing effect [23], thereby increasing the self-compacting ability [52]. This implies the possibility
that there was no significant difference in the degree of dispersion of SF particles inside the two fresh
concrete samples. Meanwhile, between the two samples containing undensified SFs, when SF2_U
was used, the flow diameter was 10 mm lower than the result of SF1_U. Regarding the decrease in
flowability, both the dispersion efficiency of SF and the difference in SSA can be complicated because,
as the SSA increases, water demand and friction between the particles increase [48]. Nonetheless,
overall, there was no significant difference in workability among the samples, suggesting that there
was no significant difference in the SSA and the dispersion efficiency of SF in the concrete samples.

The experimental results of compressive strength and flexural tensile strength are presented in
Figure 7a. Above all, every sample exhibited a very high compressive strength of around 200 MPa.
Compared to the sample [UHPFRC], SF2_U showed the highest strength. [UHPFRC] SF1_U was
~10 MPa lower but [UHPFRC] SF2_D was ~5 MPa lower. This is an important result for the feasibility
of using densified SF in UHPFRC because it confirms the negative effects that can be caused by
the densification process of SF, which are negligibly small in the mechanical properties of UHPFRC.
In addition, the concrete’s excellent strength can be ensured by using this commercially optimized
product. Based on the results of [UHPFRC] SF2_U, the difference in concrete strength with the same
type of product from another company ([UHPFRC] SF1_U) was more pronounced than with the
other type of product from the same company ([UHPFRC] SF2_D). Various material properties affect
SF concrete performance, including chemical composition, SSA, particle size or size distribution,
the amount of silanol groups (Si-OH) on the particle surface, and post production age [64]. This
suggests the diversity of properties related to SF1_U and SF2_U which affect the performance of
UHPFRC. On the other hand, in terms of the difference in such properties of SF2_U and SF2_D, factors
other than the densification process can be ignored. For this reason, the feasibility of using densified
SF in UHPFRC can be proposed. Results from the flexural tensile strength test further support this
suggestion. When compared to 45.1 MPa of the sample [UHPFRC] SF2_U, the strength of sample
[UHPFRC] SF2_D was only 1.1 MPa (or 2.4%) lower. However, the strength of the sample [UHPFRC]
SF1_U was 8.1 MPa (18%) lower than this. The flexural strength results were consistent with those
of compressive strength, as confirmed by the clear linear correlation in Figure 7b. In summary, the
parameters such as the densification process and the manufacturer or storage period affected the
compressive strength and the flexural tensile strength with the same tendency. More importantly, the
former parameter had little effect on both compressive and tensile properties of UHPFRC.

Figure 7. Results of strength tests: (a) compressive and flexural tensile strengths; (b) the relationship
between the two strengths.

238



Materials 2020, 13, 3901

Direct measurement of the dispersion degree of SF in cement-based materials is extremely
challenging [34]. Thus, indirectly, mechanical properties can be considered as an indicator for
evaluating this. To date, the benefits expected from the use of undensified SF (such as improvement
in dispersion efficiency in concrete and thereby improvement in mechanical properties) have been
reported. This can be explained by enhancements in the role of SF such as the micropore filling effect,
pozzolanic reaction, and the provision of nucleation sites. However, comparisons between different
types of SF products have been mainly investigated in cement composites other than UHPFRC, such
as the concrete and mortar types that contain coarse aggregates or have relatively high w/c [48,65].
Moreover, results from previous studies confirmed that a large amount of SF lumps (>10 μm) existed
in such cement composites [34,39]. In practical situations, the only way to disperse SF products inside
concrete or mortar is with mechanical crushing by a mixer, which is also one of the most effective
methods [66]. When mixing concrete, crushing and shearing actions are transferred to the lumps of SF
particles by a mixer and the dispersion efficiency is highly dependent on the mixture composition and
mixing method. However, it has been consistently reported that densified SF cannot be satisfactorily
dispersed in the cement composites, which is completely different from UHPFRC in terms of the
mixing method and procedure [66–69].

When UHPFRC is manufactured, SF particles should be effectively dispersed by a suitable mixing
method and a superplasticizer; otherwise, fundamental principles such as the optimization of mixture
composition or packing density are meaningless and, in the end, the excellent performance of the
concrete cannot be guaranteed [23]. The manufacturing process of this concrete includes one unique
state in which all the ingredients in the mixer are agglomerated like flour dough (Figure 2b). At this
point, when the mixer’s power consumption reaches its maximum, a strong shearing action is applied
to the agglomerate so that the components, including the SF particles, can be effectively dispersed.
Moreover, in the presence of steel fibers, additional dispersion is possible in the subsequent high-speed
mixing process. Although the perfect dispersion of individual SF particles might be impossible [39],
the lumps formed by the densification process are weakly connected and thus can be easily crushed by
agitation. Therefore, UHPFRC’s unique formulation and manufacturing process can be effective in
removing reversible aggregation by the densification process. As a result, there may not be a significant
difference between densified and undensified products in dispersion efficiency in this concrete.

Along with compressive strength and durability, excellent crack resistance performance is one of
the main features of UHPFRC, which can contribute to the construction of innovative and sustainable
concrete structures [70]. This is the reason that the strength under flexural or tensile loading is
an important property of this concrete [71]. Regarding this, one notable result was that, unlike
the compressive strength, which increased due to the promoted pozzolanic reaction, there was no
noticeable change in flexural tensile strength despite the increase in temperature (60 to 90 ◦C) and
duration (up to 4 days) during heat treatment [72]. This is because the properties of steel fibers (aspect
ratio, shape, surface treatment, etc.) and the distribution state of the fibers inside the concrete (volume
ratio, direction, degree of dispersion, etc.) have a decisive effect on flexural or tensile properties [73–76],
but the difference between these factors could be neglected in this study. Apart from such promotion
of the pozzolanic reaction and the change in fiber parameters, the effect of the mixture composition on
tensile strength has also been reported. In the study by Chan and Chu, the interfacial bond strength of
the fibers increased proportionally with the contents of undensified SF (between 0 and 30 wt % by
cement), which was attributed to the improvement in friction and resistance force of the fibers as the
interface became denser [28]. In addition to these previous results, those from this study revealed
that the type of SF also affects the tensile properties of UHPFRC, and more importantly, there is no
significant reduction in the strength despite the use of densified SF.

3.3. Hydration Reaction of Heat-Treated UHPFRC with Various Types of Silica Fume

Figure 8a,b show the results of XRD and TG analysis of heat-treated paste samples at 28 days.
Typical phases identified in the XRD pattern of this concrete are quartz, calcite, cement clinkers,

239



Materials 2020, 13, 3901

ettringite, and portlandite, but the last two phases were not detected in this study. The absence of
ettringite at 28 days confirms that it was decomposed at an elevated temperature (>70 ◦C), and delayed
ettringite formation did not occur during the subsequent 25 days of curing [77]. In particular, the
cause of the latter is the extremely compact microstructure and low w/c of UHPFRC; the effect of heat
treatment makes this condition even more dramatic because elevated temperature curing (or heat
treatment) significantly promotes both cement hydration and pozzolanic reaction. These further fill
capillary pores while consuming a limited amount of water [78]. However, despite the heat treatment,
unhydrated cement clinkers still existed (as shown in Figure 8a). This is the result of an insufficient
amount of water to fully hydrate the cement and the lack of space for further forming hydration
products [79,80]. Additionally, these conditions do not provide water and space for the reformation
of ettringite [81], and, because of its excellent watertightness, external water cannot penetrate into
the concrete, even under water curing conditions [80]. The weight loss and DTG curves shown in
Figure 8b clearly confirm that ettringite was not formed after decomposition. This is because sudden
weight loss at around 105 ◦C is associated with dehydration of ettringite, and a sharp peak on the DTG
curve due to this loss could not be observed [58]. Therefore, the gentle peak formed between 40 and
300 ◦C can only be attributed to the dehydration of C-S-H.

Figure 8. Analysis of crystal phases and hydration products of heat-treated paste samples: (a) XRD
patterns at 28 days (Q: quartz, C: calcite, C3S: tricalcium silicate); (b) TG and DTG curves at 28 days.

Another notable result from XRD and TG analysis is the absence of portlandite. The presence of
portlandite was clearly confirmed in the previous study [72], in which all conditions other than the
cement (i.e., raw materials, mixing method, and curing program) were the same as with this study.
Additionally, in other studies, although the pozzolanic reaction was significantly promoted by the
heat treatment at 90 ◦C, portlandite was not completely consumed [31,82,83]. In the study by Korpa et
al., which includes in-depth discussions of the phase development of UHPFRC conditions based on
XRD and TG analyses, the presence of portlandite and hence the ongoing progress of the pozzolanic
reaction after 28 days was reported [84]. In UHPFRC, this crystal has been reported to be completely
consumed by the pozzolanic reaction that was promoted by the heat treatment at >200 ◦C [85]. Unlike
previous studies mentioned, the cement used in this study contained a significant amount of limestone
powder, which was likely to contribute to the complete consumption of portlandite. The cause can be
explained as follows: substitution of limestone powder instead of cement at a given amount of water
increases the effective w/c (0.3 in this study). Additionally, since portlandite is produced by the primary
cement hydration, a decrease in the content of primary hydration products due to the cement dilution
effect can deplete portlandite even when the amount of accessible water is increased. The previous
result also supports this, in that the portlandite content in UHPFRC decreased proportionally with the
increase in the content of limestone powder [17].
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However, even when a significant portion (up to 74%) of cement was replaced with limestone
powder, portlandite could not be completely consumed without heat treatment [15,17]. This is because
the reactivity of SF at room temperature is significantly low, and thus, even if a small amount of
portlandite is formed, the role of SF related to consumption of this crystal is bound to be limited.
The activation energy of SF required to participate in the pozzolanic reaction has been reported to
be approximately 80 kJ/mol [86]. In this regard, heat treatment can greatly accelerate the reactivity
of SF. It has also been reported that the solubility of amorphous silica increases proportionally with
the temperature of water or solution [87]. Pfeifer et al. noted that the reaction degree of SF in
UHPFRC was around 5% under 28 days of the ambient curing condition (20 ◦C), but the degree rapidly
increased to around 45% (around nine times) when the standard heat treatment was applied to the
concrete [31]. They also reported that an increase in effective w/c significantly improves the proportion
of SF participating in the chemical reaction (around three times when w/c increases from 0.2 to 0.4).
For this reason, even under the conditions in which a small amount of portlandite is formed due to the
use of limestone powder, complete consumption of portlandite in UHPFRC would not be possible
without heat treatment.

In addition to reducing the content of the cement, the use of limestone powder in UHPFRC has
several advantages; autogenous shrinkage is alleviated by the increase in effective w/c [17,18] and the
initial hydration is accelerated due to the provision of nucleation site for the formation of C-S-H [16].
Furthermore, the complete consumption of portlandite found in this study can provide additional
advantages regarding the use of Portland limestone cement in UHPFRC. The pozzolanic reaction by
SF or the consumption of portlandite has been known to persist for several years [88], and even after
heat treatment, the compressive strength of UHPFRC increases continuously for 6 to 8 years due to this
chemical reaction [89]. Indeed, an inversely linear relationship between the compressive strength and
portlandite content has been reported in UHPFRC. This can be explained by the formation of additional
C-S-H and refinement of the pore structure and removal of portlandite which has a morphologically
undesirable effect on the strength of concrete and hardness of the interfacial transition zone [72].
Moreover, in terms of durability, this crystal can cause an expansion reaction with ions penetrated from
the outside, thereby leading to cracking. Consequently, since the pozzolanic reaction has a decisive
influence on the long-term strength and durability of UHPFRC [24], the complete consumption of
portlandite shown herein suggests that the maximum mechanical properties and durability of this
concrete can be guaranteed within 28 days. The stabilization of long-term properties is certainly an
advantage when considering only practical usability because it can provide a reliable design strength
for informing the work of practitioners and structural engineers [23].

In addition to the reactivity of SF, the chemical composition, particle size distribution, SSA, and
degree of dispersion are all important factors in the chemical reaction of concrete [37,90]. In this regard,
the results in Figure 8, in which no portlandite was detected in any of the samples, confirm that there
might be no difference between densified and undensified SF products in the hydration and pozzolanic
reaction of UHPFRC. This also implies that, between them, there was no difference in the degree of
dispersion. This can be more evident if the same result is confirmed under the situation in which
portlandite is not fully consumed.

3.4. Feasibility of Using Densified Silica Fume in Field Casting UHPFRC

An important application type of UHPFRC is field casting concrete (e.g., overlaying of concrete
decks or slabs, jacketing of beam or columns, and filing material for precast concrete segments) [4,91–94].
In this case, heat treatment is not practically applied. The use of densified SF can be more essential
for this type. This is because, in general, powder materials are continuously input and mixed into
a mixer at an outdoor construction site; in this environment, the use of undensified SF can further
deteriorate the limitations such as workplace dust generation, transportation, and the storage of raw
materials. Thus, to fully examine the practical feasibility of densified SF, it is also necessary to conduct
an investigation of UHPFRC cured without heat treatment. Moreover, when heat treatment is not
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applied, the mechanical properties of UHPFRC can change more sensitively depending on the type of
SF, because, as mentioned earlier, the physical role (i.e., micro filling effect) rather than the chemical
role (i.e., the pozzolanic reaction) can significantly contribute to the properties. In this case, a decrease
in concrete performance due to a decrease in the dispersion efficiency of SF can be more pronounced.

Figure 9 shows the results of TG analysis of the paste samples cured under ambient conditions for
28 days. To exclude factors other than the densification process, paste samples containing SF products
from the same company were compared. Analyses of the results verify that the type of SF classified by
this process does not affect the hydration reaction of UHPFRC, regardless of heat treatment. However,
unlike results from the heat-treated samples (Figure 7b), a sharp peak was formed around 105 ◦C. This
clearly confirms the presence of ettringite. The integration result of this sharp peak area was 5.76%
and 5.75% in the SF2_U and SF2_D samples, respectively, confirming that there is no difference in
the main hydration products (C-S-H and ettringite). This also indicates the possibility that there was
no difference in the chemical reaction related to the formation of portlandite. Moreover, the result
that no protrusion or peak was formed between 150 and 200 ◦C on the DTG curve shows that it is
extremely difficult to form a new phase (hemi or mono carboaluminate) by direct reaction of calcite in
the UHPFRC condition, regardless of the heat treatment. This is consistent with the results of previous
studies [15–17].

Figure 9. TG and DTG curves of ambient-cured paste samples at 28 days.

When observing the peak at 400 ◦C on the DTG curve, there was a difference in the sizes
of portlandite peaks between the two samples. The quantitative analysis results are presented in
Table 4. The contents in the table were determined according to the tangential method along with the
normalization method based on the weight at 550 ◦C [58]. The portlandite content of the sample with
densified SF was 1.1 wt %, which was 0.21 wt % higher than the other sample of 0.89 wt %. However,
based on the weight ratio of calcium oxide, most of the differences in the portlandite content are
attributed to the formation of calcite (difference in CaO, Portlandite = 0.16; difference in CaO, calcite = 0.12).
This also confirms that there was almost no difference between the two samples in the degree of
pozzolanic reaction. The contribution of carbonation to the differences in portlandite content can also
be visually shown in the blue and red shaded areas on the DTG curve. Since there was no difference
between the two SF samples in the chemical reaction, the difference in the physical role (i.e., micro
filling effect) caused by the dispersion efficiency can be considered as another potential factor affecting
the mechanical properties. However, there was also no difference between the two samples in the
compressive strength of UHPFRC at 7 and 28 days (Table 4). This demonstrates that the densified
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SF does not have any negative effect on either the physical or chemical roles of SF in the concrete,
compared to the undensified SF.

Table 4. Portlandite and calcite contents and compressive strength of ambient-cured UHPFRC.

Sample
Quantitative Analysis by TG (wt %)

Compressive Strength
(MPa)

Portlandite
CaO,

Portlandite
Calcite

CaO,

Calcite
7 Days 28 Days

[UHPFRC] SF2_U
(No HT) 0.89 0.67 10.12 5.67 117.01 ± 1.38 154.01 ± 5.12

[UHPFRC] SF2_D
(No HT) 1.10 0.83 9.92 5.55 117.17 ± 2.55 154.56 ± 4.02

SF products are only manufactured in limited regions of the world. Therefore, the products
are inevitably transported and stored for a long time in a stacked state. Compared to undensified
products, densified products are much freer from further agglomeration and quality changes after being
manufactured [20]. The agglomeration by the densification process is reversible so that agglomerated SF
particles can be effectively dispersed by an optimized mixing method, which is practically the only way
this can be achieved. Along with this, the dispersion efficiency also depends on the chemical admixture
used (performance or content), mixture composition, and water-to-powder ratio [37]. In particular,
when a mixture of high volume powders is lumped and stiff like flour dough and a high mixing
energy is applied to the mixture by a suitable mixer (e.g., twin shaft, planetary, or intensive mixer, etc.),
the SF agglomerate can be effectively broken; eventually, their dispersion efficiency can be greatly
increased [29,60]. In addition, the inclusion of PCE-based superplasticizer under these conditions and
the application of high-speed mixing makes the homogeneous dispersion of powders including SF
more effective. The composition of UHPFRC is characterized by a very low water-to-powder ratio and
a very high content of PCE-based superplasticizer; this causes the dry materials to clump together
in the mixing process. This is a clearly unique feature of UHPFRC that differs from other types of
cement-based materials, and thus it can provide conditions for efficiently dispersing densified SF
(equivalent to undensified products in terms of dispersion efficiency). Indeed, as all the results of
this study consistently indicated, there was no notable difference between densified and undensified
products in terms of the material properties of UHPFRC. Therefore, densified SF can be used to
manufacture UHPFRC. In other words, although using this commercially optimal type of product,
a compressive strength of >200 MPa can be achieved within 28 days, without disadvantages in
workability and tensile properties.

4. Conclusions

This study was undertaken with the hypothesis that the composition and mixing method of
UHPFRC are both unique and thus this condition is effective for dispersing the reversibly aggregated
particles in densified SF. The UHPFRC is characterized by very high content in powders, PCE-based
superplasticizer, and short steel fibers. Furthermore, a high-speed mixing process is included under all
these conditions. In particular, since SF affects all important chemical and physical properties of the
concrete (such as microstructure, hydration reaction, self-compacting ability, tensile and compressive
strengths, and durability), the difference in dispersion degree should greatly affect the performance of
the concrete. Experimental results on the comparison of undensified and densified SF demonstrated
the validity of our hypothesis:

• Visual inspection and SEM image analysis confirmed that SF is composed of spherical nanoparticles,
but, regardless of the type of SF product, they existed in the form of agglomerated lumps and the
sizes of large ones reached several millimeters. The particle size analysis based on SEM images
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formed the size distribution in a smaller range compared to the results obtained by the DLS
technique. The difference between the two techniques was attributed to the link of nanoparticles
at a high temperature, the densification process or the agglomeration of nanoparticles thereafter,
or the difference in dispersion efficiency during the ultrasonic treatment.

• The material properties of UHPFRC with densified and undensified SF were compared (their
conditions other than the densification process were the same). Experimental results showed
that there was no significant difference in workability, compressive strength, or flexural tensile
strength between the two samples. Analysis of the hydration reaction based on XRD and TG
also showed that there was almost no difference between the two samples in the formation or
consumption of the main hydration products.

• When the samples were heat treated at 90 ◦C, portlandite was not identified because the chemical
reaction related to the formation of this crystal was accelerated. This means that the pozzolanic
reaction, which decisively affects the long-term strength and durability of the concrete, can be
terminated significantly early due to the influence of limestone powder contained instead of
Portland cement. Therefore, even when densified SF is used under standard heat treatment
conditions, UHPFRC’s very high ultimate compressive strength (>200 MPa) can be ensured before
28 days.

• The results that the densified and undensified SFs did not differ in the hydration reaction and
mechanical properties were also valid under air-dried curing conditions, without heat treatment.
Thus, it was concluded that densified SF can be used for both precast and field casting UHPFRCs.
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Size, stability, and porosity of mesoporous nanoparticles characterized with light scattering. Nanoscale Res.
Lett. 2017, 12, 74. [CrossRef]

62. Snellings, R.; Mertens, G.; Elsen, J. Supplementary Cementitious Materials. Rev. Mineral. Geochem. 2012, 74,
211–278. [CrossRef]

63. NF P18-470. Ultra-High Performance Fibre-Reinforced Concrete—Specifications, Performance, Production and
Conformity; Association Française de Normalisation (AFNOR): Saint-Denis, France, 2016; p. 94.

64. Sobolev, K.; Flores, I.; Hermosillo, R.; Torres-Martínez, L.M. Nanomaterials and nanotechnology for
high-performance cement composites. In Proceedings of the ACI Session on Nanotechnology of Concrete:
Recent Developments and Future Perspectives, Denver, CO, USA, 7 November 2006; pp. 91–118.

65. Deshini, A.; Ioannides, A.M. Undispersed agglomerates and the strength of microsilica concrete. Int. J.
Pavement Eng. 2012, 13, 226–234. [CrossRef]

66. Lagerblad, B.; Utkin, P. Silica Granulates in Concrete: Dispersion and Durability Aspects; Cement och Betong
Institutet: Stockholm, Sweeden, 1993; p. 44.

67. Marusin, S.L.; Shotwell, L.B. Alkali-silica reaction in concrete caused by densified silica fume lumps: A case
study. Cem. Concr. Aggreg. 2000, 22, 90–94. [CrossRef]

68. Shayan, A.; Quick, G.W.; Lancucki, C.J. Morphological, mineralogical and chemical features of steam-cured
concretes containing densified silica fume and various alkali levels. Adv. Cem. Res. 1993, 5, 151–162.
[CrossRef]

69. Baweja, T.C.D.; Bucea, L. Investigation of Dispersion Levels of Silica Fume in Pastes, Mortars, and Concrete;
American Concrete Institute: Farmington Hills, MI, USA, 2003.

70. Cao, Y.; Yu, Q.L.; Brouwers, H.J.H.; Chen, W. Predicting the rate effects on hooked-end fiber pullout
performance from Ultra-High Performance Concrete (UHPC). Cem. Concr. Res. 2019, 120, 164–175.
[CrossRef]

71. Hafiz, M.A.; Denarié, E. Tensile response of UHPFRC under very low strain rates and low temperatures.
Cem. Concr. Res. 2020, 133, 106067. [CrossRef]

72. Kang, S.-H.; Lee, J.-H.; Hong, S.-G.; Moon, J. Microstructural investigation of heat-treated ultra-high
performance concrete for optimum production. Materials 2017, 10, 1106. [CrossRef]

73. Zhou, B.; Uchida, Y. Influence of flowability, casting time and formwork geometry on fiber orientation and
mechanical properties of UHPFRC. Cem. Concr. Res. 2017, 95, 164–177. [CrossRef]

74. Abrishambaf, A.; Pimentel, M.; Nunes, S. Influence of fibre orientation on the tensile behaviour of ultra-high
performance fibre reinforced cementitious composites. Cem. Concr. Res. 2017, 97, 28–40. [CrossRef]

75. Huang, H.; Gao, X.; Li, Y.; Su, A. SPH simulation and experimental investigation of fiber orientation in
UHPC beams with different placements. Constr. Build. Mater. 2020, 233, 117372. [CrossRef]

76. Larsen, I.L.; Thorstensen, R.T. The influence of steel fibres on compressive and tensile strength of ultra high
performance concrete: A review. Constr. Build. Mater. 2020, 256, 119459. [CrossRef]

77. Taylor, H.; Famy, C.; Scrivener, K. Delayed ettringite formation. Cem. Concr. Res. 2001, 31, 683–693. [CrossRef]
78. Heinz, D.; Urbonas, L.; Gerlicher, T. Effect of heat treatment method on the properties of UHPC. In Proceedings

of the 3rd International Symposium on Ultra High Performance Concrete and Nanotechnology for High
Performance Construction Materials, Kassel, Germany, 7–9 March 2012; pp. 283–290.

79. Jensen, O.M.; Hansen, P.F. Water-entrained cement-based materials: I. Principles and theoretical background.
Cem. Concr. Res. 2001, 31, 647–654. [CrossRef]

80. Justs, J.; Wyrzykowski, M.; Bajare, D.; Lura, P. Internal curing by superabsorbent polymers in ultra-high
performance concrete. Cem. Concr. Res. 2015, 76, 82–90. [CrossRef]

81. Heinz, D.; Ludwig, H.-M. Heat treatment and the risk of DEF delayed ettringite formation in UHPC.
In Proceedings of the 1st International Symposium on Ultra-High Performance Concrete, Kassel, Germany,
13–15 September 2004; pp. 717–730.

247



Materials 2020, 13, 3901

82. Selleng, C.; Meng, B.; Fontana, P. Phase composition and strength of thermally treated UHPC. In Proceedings
of the 4th International Symposium on Ultra-High Performance Concrete and High Performance Materials,
Kassel, Germany, 9–11 March 2016; pp. 7–8.

83. Selleng, C.; Fontana, P.; Meng, B. Possibilities for improving the properties of UHPC by means of thermal
treatment. In Proceedings of the AFGC-ACI-fib-RILEM PRO 106: Ultra-High Performance Fibre-Reinforced
Concrete (UHPFRC 2017), Montpellier, France, 2–4 October 2017; pp. 83–92.

84. Korpa, A.; Kowald, T.; Trettin, R. Phase development in normal and ultra high performance cementitious
systems by quantitative X-ray analysis and thermoanalytical methods. Cem. Concr. Res. 2009, 39, 69–76.
[CrossRef]

85. Cheyrezy, M.; Maret, V.; Frouin, L. Microstructural analysis of RPC (Reactive Powder Concrete). Cem. Concr.
Res. 1995, 25, 1491–1500. [CrossRef]

86. Jensen, O.M.; Hansen, P.F. Influence of temperature on autogenous deformation and relative humidity
change in hardening cement paste. Cem. Concr. Res. 1999, 29, 567–575. [CrossRef]

87. Alexander, G.B.; Heston, W.M.; Iler, R.K. The solubility of amorphous silica in water. J. Phys. Chem. 1954, 58,
453–455. [CrossRef]

88. Zhang, M.-H.; Gjørv, O.E. Effect of silica fume on cement hydration in low porosity cement pastes. Cem.
Concr. Res. 1991, 21, 800–808. [CrossRef]

89. Schachinger, I.; Hilbig, H.; Stengel, T. Effect of curing temperature at an early age on the long-term strength
development of UHPC. In Proceedings of the Second International Symposium on Ultra High Performance
Concrete, Kassel, Germany, 5–7 March 2008; pp. 205–212.

90. Chung, D.D.L. Review: Improving cement-based materials by using silica fume. J. Mater. Sci. 2002, 37,
673–682. [CrossRef]

91. Talayeh, N.; Eugen, B. Experimental investigation on reinforced ultra-high-performance fiber-reinforced
concrete composite beams subjected to combined bending and shear. ACI Struct. J. 2013, 110, 251–261.
[CrossRef]

92. Lampropoulos, A.P.; Paschalis, S.A.; Tsioulou, O.T.; Dritsos, S.E. Strengthening of reinforced concrete beams
using ultra high performance fibre reinforced concrete (UHPFRC). Eng. Struct. 2016, 106, 370–384. [CrossRef]

93. Ford, E.L.; Hoover, C.G.; Mobasher, B.; Neithalath, N. Relating the nano-mechanical response and qualitative
chemical maps of multi-component ultra-high performance cementitious binders. Constr. Build. Mater. 2020,
260, 119959. [CrossRef]

94. Ali Dadvar, S.; Mostofinejad, D.; Bahmani, H. Strengthening of RC columns by ultra-high performance fiber
reinforced concrete (UHPFRC) jacketing. Constr. Build. Mater. 2020, 235, 117485. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

248



materials

Article

Fresh and Hardened Properties of Portland
Cement-Slag Concrete Activated Using the
By-Product of the Liquid Crystal Display
Manufacturing Process

Sung Choi 1 and Sukhoon Pyo 2,*

1 Department of Civil Engineering, Kyungdong University, 27 Gyeongdongdaehak-ro, Yangju-Si 11458, Korea;
csomy1113@kduniv.ac.kr

2 Department of Urban and Environmental Engineering, Ulsan National Institute of Science and
Technology (UNIST), 50 UNIST-gil, Ulju-gun, Ulsan 44919, Korea

* Correspondence: shpyo@unist.ac.kr; Tel.: +82-52-217-2827

Received: 4 September 2020; Accepted: 29 September 2020; Published: 30 September 2020

Abstract: This experimental research investigated the applicability of the liquid crystal display
(LCD) by-product of the refining process as a sustainable and alternative alkali activator for ground
granulated blast-furnace slag (GGBFS) blended cement concrete. Three levels of binder replacement
using the industrial by-product, and four water/binder ratios were considered in order to evaluate
the effects of the replacement in fresh and hardened properties of the blended concrete. XRD and
TG analyses confirmed that the by-product that contains abundant alkali compounds promotes
the reactivity of GGBFS. The test results indicated that the incorporation of the by-product results
in delayed setting and degraded workability due to the highly porous nature of the by-product,
yet shows rapid early-age strength development of the blended concrete as conventional alkaline
activators for GGBFS. These characteristics shed light on a simple yet effective and practical means of
reusing the industrial by-product as an alternative alkaline activator.

Keywords: alternative alkali-activated material; ground granulated blast-furnace slag; strength
development; setting time; workability

1. Introduction

As one of the most sustainable approaches to reducing carbon dioxide emissions from the
production of cement-based construction materials, various types of industrial by-products are
currently used worldwide as Portland cement replacements, called supplementary cementitious
materials (SCMs), e.g., ground granulated blast-furnace slag (GGBFS), fly ash, and silica fume. It is
well known that the replacement level of cement with SCMs depends on the reactivity, local availability,
and legislation [1]. For the strength evolution of SCMs with cement, the pozzolanic reaction of SCMs is
an essential chemical process that uses high alkalinity compounds, such as Ca(OH)2, from cement
hydration products [2]. Although blending cement with SCMs has many advantages—such as reducing
carbon dioxide emissions by saving cement, and improving long-term strength, durability, and chemical
stability [3–7]—the setting time and early-age strength development can be drastically delayed if the
amount SCMs in the blend is excessive, without adequate alkali activators [8,9].

Various alkali activators have been suggested for adequately promoting strength of blended
concrete using SCMs to either partially or fully replace ordinary Portland cement (OPC). For example,
it is well known that sodium hydroxide (NaOH), sodium silicate (Na2O·rSiO2), sodium carbonate
(Na2CO3), and sodium sulphate (Na2SO4) are effective and common ones used to activate GGBFS [10,11].
These alkali activators are effective in promoting the initial reactivity of GGBFS and lead to rapid
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strength development [3]. However, the radical chemical reaction can also dramatically accelerate
the reaction of GGBFS, which can significantly affect the workability of concrete—such as its setting
time and flowability—depending on the alkali content and the slag/activator ratio [10,12]. In addition,
the manufacturing process of alkali activators is usually both energy intensive and costly [13],
which could limit wider application of alkali activated slag concrete. Alternative studies have
been attempted to evaluate sustainable alkali activators for SCMs using industrial by-products [14].
For example, Maraghechi et al. [1] tested recycled glass powder as an alkali activator for binary
mixtures with OPC, slag, and fly ash. The findings suggested that elevated temperature curing
(60 °C) is preferable to effectively consuming glass powder for alkali activated slag mortar. However,
limited work has been conducted on the use of industrial by-products as alkali activators for slag
cement and concrete.

The current mainstream liquid crystal display (LCD) design primarily consists of color filter (CF)
substrate glass on which RGB pixels are deposited and of thin-film-transistor (TFT) substrate glass
that is painted with thin film circuitry that delivers signals to liquid crystal. In order to maintain
a high quality and a high resolution, TFT uses an alkali-free glass that is obtained through a high
refining process that involves the generation of by-product. Because the by-product of this refining
process contains a large amount of alkali ingredients—such as SO3, Na2O, and K2O—it is expected
to be used as an alternative alkali activator for GGBFS blended cement concrete. Although the LCD
by-product that results from the refining process does not require an additional treatment because it is
in the form of powder, it is necessary to investigate its fundamental properties in order to verify its
applicability as an alternative alkali activator for GGBFS blended cement concrete. However, to the
best of the authors’ knowledge, alkaline activation of LCD by-product has not been investigated
as a means of developing sustainable construction material that can be utilized for the production
of high strength concrete. In order to adapt the alkali industrial by-product to slag concrete, it is
necessary to find suitable combinations of base binders by investigating the reactivity of the by-product
with existing binding materials. Therefore, the effects of the alkali by-product on the fundamental
properties of concrete—such as workability, setting time, and strength enhancement under various
mixing conditions—need to be identified. This research gap motivated the study presented in this
paper. It should be pointed out, however, that multiple attempts have been conducted to use thin-film
transistor liquid-crystal display (TFT-LCD) waste glass to partially replace OPC [15–18]. For example,
Lin et al. [15] tested up to 40% of TFT-LCD waste glass to replace OPC, and concluded that as the
amount of TFT-LCD waste glass increases the strength of the paste distinctly decreases. Jang et al. [16]
used additional activator to promote reactivity of TFT-LCD waste glass with OPC, and concluded
that the pozzolanic reaction between the waste glass and the activator leads to enhance compressive
strength of high strength concrete products. Kim et al. [18] found that smaller particle size of ground
TFT-LCD waste glass would lead to the decreased porosity of TFT-LCD waste glass concrete, which is
expected to enhanced durability and permeability.

In this study, the applicability of the LCD by-product of the refining process as an alkali activator
was evaluated by characterizing the reactivity of GGBFS with OPC under a normal curing condition
with the aim of developing practical applications. The binary paste was prepared by mixing GGBFS and
OPC with the LCD by-product-based activator (LCDBA) and the variation of the hydration products
in the paste, according to the curing age, was characterized through X-ray diffraction (XRD) as well as
through thermogravimetry and differential thermal analysis (TG-DTA). In addition, fresh and hardened
properties of OPC-slag concrete, activated by the alkali by-product, were assessed by examining the
slump, bleeding, setting time, and compressive strength of concrete.

2. Experimental Program

The applicability of the LCDBA was investigated with the aim of developing practical applications
as a sustainable and alternative alkali activator for GGBFS blended cement concrete. The activation
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effects of the LCDBA were characterized using GGBFS blended cement paste. In addition, the fresh
and hardened properties of GGBFS blended cement concrete incorporating LCDBA were investigated.

2.1. Raw Materials

OPC (ASTM C 150 Type I) and GGBFS were used as binders to prepare the paste and concrete
and their chemical compositions are summarized in Table 1. The OPC and GGBFS that were used had
a Blaine specific surface of 339 m2/kg and 449 m2/kg and a density of 3150 kg/m3 and 2910 kg/m3,
respectively. The major chemical components of GGBFS were CaO, SiO2, and Al2O3, as shown in
Table 1. The basicity coefficient (Kb = (CaO + MgO)/(SiO2 + Al2O3)) was 0.977, which is similar
to the neutral value of 1.0 for ideal alkali activation [19]. The hydration modulus, according to a
formula proposed in the literature (HM = (CaO +MgO + Al2O3)/SiO2) of GGBFS, was 1.92. This was
higher than the value of 1.4, which is required for good hydration properties of GGBFS [19]. The LCD
by-product of the refining process (see Figure 1), LCDBA—the chemical composition of which is given
in Table 1—had a Blaine specific surface of 770 m2/kg and a density of 2540 kg/m3. XRD analysis was
performed to determine the nature of LCDBA, as shown in Figure 2, which indicated that this was
crystallized mainly with K2SO4 and Na2SO4. The particle size distributions of GGBFS and LCDBA are
shown in Figure 3, which were measured using a laser particle size analyzer (PSA, Beckman Coulter
LS 13 320, Brea, CA, USA). The overall particle size distribution of LCDBA was similar to that of
GGBFS, showing a narrow distribution with the peak around 10 μm. Although LCDBA had about
1.7 times higher specific surface in comparison to GGBFS, the particle size of LCDBA was slightly
larger than that of GGBFS, which indicated that LCDBA has porous microstructures resulting from the
refining process.

Table 1. Chemical composition of OPC, GGBFS, and LCDBA (wt.%).

Element SiO2 Al2O3 Fe2O3 CaO MgO SO3 K2O Na2O LOI

OPC 19.5 5.6 3.5 61.5 3.8 2.5 1.1 0.1 2.5
GGBFS 32.6 15.5 0.5 42.2 4.6 3.3 0.5 0.2 -
LCDBA 4.3 - 0.2 10.0 0.5 47.4 4.3 30.4 3.0

 
Figure 1. Image of LCDBA used in this study.
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Figure 2. XRD patterns of LCDBA.

Figure 3. Particle size distribution of GGBFS and LCDBA.

Non-reactive river sand, with a specific gravity of 2.62, a fineness modulus of 2.77, and an
absorption capacity of 1.1%, was used in preparation of all mortars and concrete. The crushed basalt
aggregates were adopted as the coarse aggregate for the concrete mix in which the maximum size,
specific gravity, absorption capacity, and fineness modulus were 25 mm, 2.63, 0.8%, and 6.4, respectively.
In addition, a polycarboxylate-based superplasticizer with 17% solid content by weight was used to
enhance particle dispersions within the mixture.

2.2. Mix Proportions

The characterization of the reactivity of the binders was carried out based on XRD and TG-DTA
tests using GGBFS blended cement paste with the OPC/GGBFS ratio of 55:45 and the water/binder ratio
of 30%. LCDBA replaced the binder by 0%, 3%, and 5%. Table 2 shows the concrete mix proportions
according to the usage of LCDBA. As in the paste mix design, the ratio of OPC and GGBFS was set
to 55:45. In addition, the binder substitution ratio of LCDBA was set to 0%, 3%, and 5% in order to
evaluate the effects of the LCDBA substitution level on the fresh and hardened properties of GGBFS
blended cement concrete. The GGBFS blended cement concrete was designed to have the total volume
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of mortar in the 615 ± 5 L range and the slump of concrete in the 180 ± 25 mm range by controlling the
amount of superplasticizer and the sand to total aggregate volume ratio (s/a).

Table 2. Mix proportions of concrete.

Mixture
W/B
(%)

s/a
(%)

Unit Weight (kg/m3)

Super-Plasticizer
(%)Water

Binder Fine
Aggregate

Coarse
AggregateOPC GGBFS LCDBA

35/L0 35 47.5 160 251 206 - 814 903 0.70
35/L3 35 46.0 160 244 200 14 788 929 0.80
35/L5 35 45.0 160 239 195 23 770 945 1.00
40/L0 40 49.0 160 220 180 - 864 903 0.70
40/L3 40 48.0 160 213 175 12 846 920 0.80
40/L5 40 47.5 160 209 171 20 837 928 0.97
45/L0 45 50.0 160 196 160 - 901 904 0.70
45/L3 45 49.0 160 190 155 11 882 922 0.75
45/L5 45 48.0 160 186 152 18 864 940 0.80
50/L5 50 49.0 160 167 137 16 897 937 0.70

2.3. Experimental Methods

The reactivity of the paste with different LCDBA substitution levels was investigated through XRD
and TG analysis. GGBFS blended cement pastes were cured at 20 °C and 90 ± 2% relative humidity
for a predetermined curing duration (3, 7, and 28 days). Thereafter, the samples were ground and
immersed in acetone to stop hydration and were suction filtered using an aspirator. The crushed
samples that stopped hydration were ground further and powdered to particles smaller than 106 μm
for the XRD and TG measurements. XRD was conducted using a D/MAX 2500V/PC (Rigaku, Tokyo,
Japan) with a scan range of 5◦–65◦ 2θ. TG was conducted using a NETZSCH STA 409 C/CD (NETZSCH,
Selb, Bavaria, Germany) with a heating rate of 5 °C/min in the 20–1000 °C range.

The fresh properties of GGBFS blended cement concrete were measured using the slump, bleeding,
and setting time. The slump of fresh concrete were measured in accordance with ASTM C 94 [20].
The bleeding test of fresh concrete was measured in accordance with ASTM C 232 [21] by drawing
off the bleed water until cessation of bleeding. The initial and final setting times were measured
using a penetration resistance apparatus in accordance with ASTM C 803 [22]. The measurements
were conducted on sieved mortar samples from the mixed concrete. The fresh concrete was cast into
cylindrical molds (100× 200 mm) for the compression test. Following 24 h of air curing, these cylindrical
samples were demolded and immersed into water at a temperature of 20 ± 1 °C for additional curing.
Compressive strength tests were carried out in accordance with ASTM C 39 [23]. The strength was
determined at 3, 7, 28, and 91 days of curing by averaging the tested values of the three replicates.

3. Test Results and Discussions

3.1. XRD Analysis

The diffraction patterns of the hardened pastes were analyzed by characterizing the crystal phases
in order to investigate the applicability of LCDBA with high alkali content for stimulating GGBFS.
The activation effect of LCDBA for GGBFS can be demonstrated by investigating the generation of
hydration products for different curing ages. Figure 4 shows the results of an XRD analysis of the
pastes, according to the LCDBA substitution level.

As can be seen in Figure 3, all specimens included akermanite (Ca2Mg(Si2O7)) with strong peaks
in the XRD analysis. It has been reported that akermanite exists in a crystalline form in raw materials
and hardened GGBFS pastes [24,25] and that it can be identified more clearly for cases with LCDBA.
In particular, a strong akermanite peak was observed for the 5% LCDBA series at 28 days of curing,
indicating that LCDBA affects the hydration of GGBFS in the long term.
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(a) 

 
(b) 

 
(c) 

Figure 4. XRD results of the blended pastes at different curing ages: (a) 3 days, (b) 7 days, and (c) 28 days.

254



Materials 2020, 13, 4354

In addition, the strong alkali compound of the cement hydration product—calcium hydroxide
(Ca(OH)2)—is known to play a role in promoting the activation reaction of GGBFS [2]. This effect is
evidenced by the XRD pattern at 3 and 28 days. For example, it can be clearly seen in the LCDBA-0%
series that the higher peak of the Ca(OH)2 at 3 days decreases as the curing age increases through
the consuming necessary for the activation of the GGBFS to form calcium-silicate-hydrate (C-S-H)
gel. The pastes of the two series containing LCDBA also had high Ca(OH)2 at their early age and the
amount decreased as the age increased. However, the decrease of Ca(OH)2 was smaller than that of
LCDBA-0% series, although the C-S-H gel peak increased significantly. This phenomenon was the
likely cause of the high alkaline LCDBA activator. In the section where 2θ is around 9◦, it is known
that ettringite peaks result from the hydration of cement [26]. It should be noted that the ettringite
peak was less affected by the incorporation of LCDBA at 3 days, increasing with the higher LCDBA
amount at 28 days. This implies that the production of ettringite is increased by the supply of SO3,
as with the high SO3 content in LCDBA, at 47.1%. In addition, Mohammed and Safiullah [27] revealed
that the amount of ettringite formation highly correlates with the amount of SO3.

3.2. TG Analysis

The degrees of hydration of GGBFS blended cement pastes were evaluated using the
thermogravimetry method and the results are presented in Figure 5. The weight loss at around
100 °C (refer to Section I afterward) can mostly be attributed to the decomposition of ettringite and
C-S-H gel [28]. The weight loss at around 450 °C (refer to Section II afterward) can primarily be
attributed to the decomposition of Ca(OH)2 to CaO [29].

From the results for Sections I and II, it can be seen that the weight losses of the LCDBA-3%
and LCDBA-5% series are more pronounced than those of the LCDBA-0% series for all curing ages.
Therefore, the large mass change in Section I implies that a large amount of C-S-H gel initially forms
due to the incorporation of LCDBA that contains abundant alkali compounds that promote the
reactivity of GGBFS. The large mass change in Section II can be explained that the cement hydration
product, Ca(OH)2, was relatively less consumed in the LCDBA-3% and LCDBA-5% mixtures due to
the additional supply of alkaline compounds by LCDBA. In the meantime, it should be noted that
the differences in mass change between the pastes with LCDBA and without LCDBA at 28 days were
relatively large in Section I in comparison to those in Section II. This might be attributed to the fact that,
as curing age increases, the alkali components supplied for the pozzolanic reaction of GGBFS in the
LCDBA-3% and LCDBA-5% series were also consumed, resulting in a Ca(OH)2 decrease and reaching
similar remaining levels of Ca(OH)2 as those of the LCDBA-0% series at 28 days of curing.
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(a) 

 

(b) 

 

(c) 

Figure 5. TG curves of the blended pastes at different curing ages: (a) 3 days, (b) 7 days, and (c) 28 days.

3.3. Workability

The slump test is widely used and the most well-known test to assess the workability of concrete.
In this study, the effect of the LCDBA usage on workability was evaluated using the slump test. Figure 6
shows the slump values and the superplasticizer dosage of the blended concrete, indicating that all
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tested series met the target slump level of 180 ± 25 mm. For all concrete series without LCDBA,
the superplasticizer amount was fixed at 0.7%. The figure shows that as the water/binder ratio increases
the slump increases by 10 mm per 0.05 of water/binder ratio. The blended concrete that contained 3%
and 5% LCDBA tended to decrease in slump even though the dosage of superplasticizer increased.
For mixtures with 5% LCDBA, all slump results were the same, 160 mm, and the corresponding
superplasticizer amounts were 1.0%, 0.9%, and 0.8%, for the water/binder ratios of 0.35, 0.40, and 0.45,
respectively. Therefore, the increase in the required superplasticizer amount for maintaining a similar
level of workability implies that the porous LCDBA absorbs the mix water during the mixing and thus
degrades the workability of the blended concrete.

Figure 6. Slump of the blended concrete with different water/binder ratios and LCDBA amount
(solid markers and hollow markers stand for slump values and dosage of superplasticizer, respectively).

3.4. Bleeding

The bleeding of concrete, a necessary part of the life of concrete, was considered to occur when
the mix water would raise to the surface of freshly placed concrete. It has been reported that the bleed
rate and capacity of GGBFS blended cement concrete highly depends on the GGBFS replacement level
and the water/binder ratio [30]. Figure 7 shows the development of bleeding over elapsed time of
concrete for the water/binder ratio of 0.40, as a function of the LCDBA replacement level. The ending
point and the slope of the curves indicate the bleeding capacity of the mixtures and the bleeding rate,
respectively. It should be pointed out from the figure that the bleeding capacity decreases as the LCDBA
replacement level increases. In particular, the mixture without LCDBA (the black curve) showed the
highest bleeding rate for the first four hours and then it quickly reached the highest value. On the other
hand, the mixtures with LCDBA (the blue and red curves) showed that as the LCDBA replacement
level increases the bleeding rate becomes slower for the first three hours. After the first three hours,
all mixtures showed similar bleeding rates until reach the bleeding capacity. The delayed endings of
the bleeding were observed for both mixtures with LCDBA in comparison to the one without LCDBA.
This can be attributed to the fact that the porous LCDBA absorbed excess water during mixing because
of its high specific surface area, which reduced the initial bleeding rate. In addition, the bleeding time
increased as the water absorbed by the LCDBA was slowly released to the fresh mixture.

257



Materials 2020, 13, 4354

Figure 7. Effect of the LCDBA replacement level on bleeding (W/B = 0.40).

3.5. Setting Time

The effect of the LCDBA replacement level on the initial and final setting times of GGBFS blended
cement concrete is shown in Figure 8. The setting times were defined when the penetration resistance
reached the pre-defined criteria in accordance with ASTM C 803 [22]. The initial setting time of the
mixture without LCDBA was 340 min but the mixtures incorporating LCDBA were delayed for more
than 80 min. The delay in the initial setting time can be explained by the delay in the bleeding. Similar
to the results of the initial setting time, the mixture without LCDBA showed the fastest final setting
time, at 483 min, and 20- and 40-min delays were observed for the mixtures with 3% and 5% LCDBA
replacement, respectively. It should be pointed out, however, that the differences of final setting time
between the mixtures with and without LCDBA were smaller than those of the initial setting time.
This can be attributed to the activation of GGBFS promoted by the alkali supply of LCDBA after
initial setting.

Figure 8. Effect of the LCDBA replacement level on penetration resistance (W/B = 0.40).

258



Materials 2020, 13, 4354

3.6. Compressive Strength

The compressive strength development of GGBFS blended cement concrete with different LCDBA
replacement levels and with water/binder ratios at 3, 7, 28, and 91 days is shown in Figure 9. The concrete
mixtures that incorporate LCDBA showed a generally higher strength than the mixture without LCDBA.
In particular, the incorporation of LCDBA was more effective for early strength development and for
mixtures with lower water/binder ratios.

 
Figure 9. Effect of the LCDBA replacement level on compressive strength.

The rates of increase in the compressive strength of the concrete incorporating LCDBA relative
to the strength of concrete without LCDBA were evaluated for each curing age, with the results
summarized in Table 3. At 3 days of curing, the strength improvement rates of the concrete with 3%
and 5% replacement were 13.1–16.7% and 15.1–22.0%, respectively. On the other hand, the strength
improvement rates of the concrete with 3% and 5% replacement at 91 days of curing were 1.4–5.8% and
4.1–8.8%, respectively. Therefore, as the replacement level of LCDBA increased, the strength increase
rate became higher, while the strength increase rate gradually decreased as the curing age increased.
This tendency is similar to the typical pattern of rapid strength development of GGBFS promoted
by alkaline activators (see also [31–33]). It should be pointed out, therefore, that LCDBA could be
a sustainable and alternative activator for GGBFS blended cement concrete, with similar effects as
those of conventional alkaline activators, which is effective for the early-age strength development
of concrete.

Table 3. Rate of increase in the compressive strength of concrete incorporating LCDBA.

Mixture
Curing Age (%)

3 Days 7 Days 28 Days 91 Days

35/L3 13.7 12.0 5.0 4.1
35/L5 15.1 13.8 8.8 4.1
40/L3 16.7 13.4 12.5 5.8
40/L5 22.0 18.3 14.1 8.8
45/L3 13.1 9.0 1.5 1.4
45/L5 19.7 9.9 2.9 4.5
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In order to quantitatively analyze the strength developing characteristics of GGBFS blended
cement concrete incorporating LCDBA, the compressive strength prediction model suggested in ACI
209 was used. The ACI Committee 209 [34] recommends the following equation for predicting the
compressive strength of concrete with time

( f ′c )t =
t

a + b× t
( f ′c )28, (1)

where a and b are material constants considering the type of binders and curing methods, calculated in
this research based on regression analysis using measured values. In addition, ( f ′c )t and ( f ′c )28 are
compressive strength at the age of t and 28 days, respectively.

The concrete mixtures with 5% LCDBA replacement and without LCDBA were considered to
quantitatively illustrate the effect of LCDBA on the development of the compressive strength of
concrete. Figure 10 shows the compressive strength results, according to various curing ages and
water/binder ratios for the concrete mixtures with 0% or 5% of LCDBA and with the regression curves
based on the ACI 209 model.

  

(a) (b) 

Figure 10. Comparison between the measured compressive strength and the regression curves for 0%
or 5% LCDBA replacement series; (a) LCDBA-0%, (b) LCDBA-5%.

As a result of the regression analysis of the compressive strength, according to the ACI 209 model,
the R-squared values for the mixtures with and without LCDBA were higher than 0.985, indicating
a high goodness of fit. With the high goodness of fit, the material constants a and b were used to
further analyze the strength development patterns of the tested concrete. The calculated material
constants a and b are illustrated in Figure 11, where the constants a and b considerably correlate with the
strength development of concrete at early age and at long-term age, respectively [35]. Mathematically,
a is inversely proportional to the initial strength development and b is inversely proportional to the
increase in compressive strength according to the curing age. As shown in the figure, a and b tend
to decrease and increase, respectively, as the water/binder ratio increases. As the water/binder ratio
decreases, the initial strength development rate becomes high, which leads to a decrease in a. On the
other hand, the material constant b is related to the long-term strength development, where the lower
b value stands for the higher long-term strength increment. The constant b values for the mixtures
with LCDBA were similar, regardless of the water/binder ratio, and higher than those for the mixtures
without LCDBA. The higher b values for the mixture with LCDBA were attributed to the higher initial
strength development activated by LCDBA and to relatively less long-term strength development.
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This is similar to the strength development characteristics of GGBFS and/or fly ash blended cement
concrete activated using conventional alkali activators. Therefore, it can be concluded that LCDBA is
an effective and sustainable alternative to alkali activators for GGBFS blended cement concrete.

 

(a) (b) 

Figure 11. Relationship between the material constants and the W/B for 0% or 5% LCDBA replacement
series, corresponding to Figure 9; (a) constant a (b) constant b.

4. Conclusions

This experimental study evaluates the LCD by-product of the refining process, LCDBA, as an
alternative and sustainable alkaline activator for GGBFS blended cement concrete. To investigate the
applicability of this the alternative activator, the tested experimental parameters were set at three
LCDBA replacement levels and four water/binder ratios. The activation effects were characterized
based on XRD and TG analyses using GGBFS blended cement paste. The fresh and hardened properties
of GGBFS blended cement concrete incorporating LCDBA were investigated using slump, bleeding,
setting time, and compressive strength tests. The key observations and findings of this research can be
summarized as follows:

(1) The effectiveness of LCDBA as an alternative and sustainable alkaline activator for GGBFS
blended cement concrete was demonstrated for the first time in this study. The formations of
akermanite and ettringite, as well as the consumption of Ca(OH)2 due to the stimulation of GGBFS
hydrations with LCDBA as days of curing increase, were characterized using XRD analysis.
This finding highlights the role of LCDBA as an activator for GGBFS blended cement concrete by
providing the essential chemical evidence.

(2) The thermogravimetric analysis was employed to evaluate the degrees of hydration. The results
highlight that a large amount of C-S-H gel was initially formed and that the cement hydration
product, Ca(OH)2, was relatively less consumed due to the incorporation of LCDBA that contains
abundant alkali compounds that promote the reactivity of GGBFS. As curing age increased,
the remaining amount of Ca(OH)2 in the pastes with LCDBA became similar as to the one
in the pastes without LCDBA, which is another implication of the relatively less long-term
strength development.

(3) It is identified from this research that by incorporating LCDBA, the fresh GGBFS blended
cement concrete showed degraded workability, delayed bleeding ends, reduced bleeding
capacity, and delayed setting times, attributed to the porous nature of LCDBA that led to
mix water absorption.
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(4) The series of compressive strength tests conducted in this research concluded that LCDBA
was an effective alkaline activator for GGBFS blended cement concrete, showing early-age
strength developing characteristics, especially for mixtures with lower water/binder ratios.
The compressive strength model, suggested by the ACI Committee 209, also highlighted the
early-age strength developing characteristics of the blended concrete activated with LCDBA.

The results obtained in this study provide a simple, yet effective and practical, means of reusing an
industrial by-product as an alternative alkaline activator for GGBFS blended concrete. Further studies
are, however, necessary to determine its long-term durability and dimensional stabilities, such as
shrinkage and creep.
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Abstract: This study investigated the hardening process of alkali-activated material (AAM) mortar
using calcium sulfoalumiante (CSA) expansive additive (CSA EA), which accelerates the initial
reactivity of AAMs, and subsequent changes in ultrasonic pulse velocity (UPV). After the AAM
mortar was mixed with three different contents of CSA EA, the setting and modulus of elasticity of
the mortar at one day of age, which represent curing steps, were measured. In addition, UPV was
used to analyze each curing step. The initial and final setting times of the AAM mortar could be
predicted by analyzing the UPV results measured for 14 h. In addition, the dynamic modulus of
elasticity calculated using the UPV results for 24 h showed a tendency similar to that of the static
modulus of elasticity. The test results showed that the use of CSA EA accelerated the setting of the
AAM mortar and increased the modulus of elasticity, and these results could be inferred using UPV.
The proposed measurement method can be effective in evaluating the properties of a material that
accelerates the initial reactivity.

Keywords: alkali-activated material; CSA expansive additive; ultrasonic pulse velocity; setting time;
modulus of elasticity

1. Introduction

Alkali-activated materials (AAMs) are binders that accelerate the reaction of mineral admixtures,
such as ground granulated blast furnace slag (GGBFS) and fly ash (FA), using strong alkali activators
with high pH (>12). As AAMs are highly reactive, the hydrates of mineral admixtures are generated
earlier. This lowers the fluidity of the mortar and causes setting and hardening at the same time. This
process occurs quite suddenly [1–4]. The acceleration of the mortar setting has a significant impact
on the physical properties of mortar at early ages [5–9], especially the initial shrinkage stress of the
AAM mortar. According to the studies of many researchers, the shrinkage of mortar and concrete is
evaluated after the occurrence of the final setting [10–14]. This is because the final setting means that
the AAM matrix has been hardened and the deformation that occurs after the hardening of the AAM
matrix acts as stress. Therefore, if the final setting of mortar that uses AAMs as binders is accelerated,
shrinkage stress occurs earlier. This may cause significant initial shrinkage of the AAM mortar and
high shrinkage stress. In addition, as the hydration reaction of AAMs is fast even after the final set,
the strength and modulus of elasticity of the AAM mortar also significantly increase at early ages.
The increase in the modulus of elasticity of the mortar causes a larger initial shrinkage stress. In general,
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additives, such as expansive additives (EAs) and shrinkage reducing agents, are used to control the
shrinkage of mortar. These additives are effective in reducing shrinkage, but shrinkage stress can be
evaluated differently if the setting and modulus of elasticity of mortar are considered [15]. In particular,
when a calcium sulfoalumiante (CSA) expansive additive (CSA EA) is used, the formation of ettringite
and calcium monosulfoaluminate at the initial stage can compensate for shrinkage, but it can also
increase the modulus of elasticity and compressive strength [16–19]. If the setting is accelerated or
the modulus of elasticity increases despite the reduction in shrinkage, the initial shrinkage stress of
mortar can be evaluated to be larger [20]. Therefore, mortar and concrete that used AAMs require a
comprehensive evaluation of the properties that can calculate the stress caused by deformation, such
as setting, modulus of elasticity, and shrinkage at early ages.

In general, it is possible to measure the shrinkage of mortar before setting using an embedded
strain gauge and a data logger. However, to measure the shrinkage stress of mortar, the modulus of
elasticity at the time of the occurrence of shrinkage must also be considered.

The elastic modulus is determined from the load–displacement curve, as it is the slope of the
curve. Nevertheless, the strength of concrete and mortar specimens is too low to be measured with
mechanical tests, making it difficult to determine elastic modulus. In addition, as the strength and
modulus of elasticity vary dramatically over time at early ages, the limited number of specimens
to perform continuous monitoring may cause larger experimental errors [21–23]. The use of the
ultrasonic pulse velocity (UPV), a type of non-destructive testing, can detect the physical properties of
a specimen continuously and successively without causing damage. With respect to the analysis of
the properties of concrete, UPV has been verified by many researchers [24–27]. Öztürk et al. detected
the early hydration status of cement materials through ultrasonic reflectance measurements. They
showed that changes in reflected waves responded well to various stages of hydration [28]. Voigt et al.
conducted studies on changes in microstructure during cement hydration using ultrasonic reflection
and transmission techniques [29,30].

In addition, the use of UPV makes it possible to quantitatively analyze the hydration process
of concrete. In particular, many researchers have reported that the setting time can be predicted
using changes in the UPV curve [31–33]. Reinhardt and Grosse developed an ultrasonic device for
concrete quality control testing that can continuously observe the characteristics of concrete. The results
obtained using this device reported that the initial setting time can be determined by UPV [34]. Krauß
and Hariri reported that the degree of hydration of concrete at the initial stage can be analyzed using
UPV and proposed a method to predict the setting time [35]. Belie et al. conducted research on the
setting and hardening of shotcrete mortar, for which the hydration reaction of the binder is significantly
fast. They found that shotcrete mortar was immediately hardened in the fluid state, and they could
analyze the sudden setting and hardening process of the mortar using UPV [36].

The use of UPV makes it possible to analyze the overall hardening process of concrete and mortar,
and UPV has been used to analyze the static and dynamic elasticity characteristics as well as the tensile
and compressive strengths of concrete and mortar [35,37–41]. Rajagopalan et al. reported that they
identified highly reliable concrete characteristics at early ages using the relationship between the UPV
and compressive strength of concrete at early ages [42]. Anderson and Seals conducted research to
predict the long-term compressive strength of concrete through non-destructive testing using UPV and
proposed a non-destructive test method for predicting the long-term strength [43]. Abdel-Jawed and
Afaneh investigated various factors in concrete that affect the ultrasonic pulse. They mentioned that
the compressive strength characteristics over time according to the water/binder (W/B) ratio can be
analyzed using UPV [44]. Trtnik et al. investigated material and mix properties that affect the UPV of
concrete and verified the relationship between UPV and the static/dynamic modulus of elasticity based
on the results [39].

There have been attempts of measuring UPV as a means of exploring the fresh state and setting
properties of ordinary Portland cement (OPC)-based concrete and mortar, while it has been rarely
applied to the binders that set very rapidly. Determination of elastic modulus after the setting has
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occurred is particularly important for controlling the shrinkage-induced stress and crack formation.
This study attempted to evaluate the initial physical properties of the AAM mortar using CSA EA,
which affects the setting and modulus of elasticity of mortar despite its shrinkage compensation effect.
It was possible to find the initial and final setting times of the AAM mortar in the UPV inflection
section by measuring the UPV for 48 h and to identify changes in its modulus of elasticity from the
final setting to 48 h through the relationship between the UPV and dynamic modulus of elasticity.
Based on this, the relationship between the setting and modulus of elasticity of the AAM mortar was
analyzed according to the content of CSA EA, which is used for shrinkage reduction.

2. Materials and Methods

2.1. Materials and Mixture Proportions of AAM Mortar

Table 1 shows the physical properties and chemical compositions of the ground granulated blast
furnace slag (GGBFS), fly ash (FA), and calcium sulfoalumiante expansive additive (CSA EA) used in
AAM mortar. GGBFS satisfied the third type of KS F2563 (density: >2.8 g/cm3, fineness: 4000–6000
cm2/g), and FA met the second type of KS L5405 (density: >1950 g/cm3, fineness: >3000 cm2/g). Both
GGBFS and FA were produced by the company Sampyo in South Korea [45,46]. The CSA EA used in
this study was POWER CSA TYPE from Denka in Japan. It was used to compensate for the shrinkage
of the AAM mortar and was added on the basis of the binder mass. The main chemical components
of GGBFS were CaO (41.9%), SiO2 (13.8%), and Al2O3 (4.9%). Its basicity coefficient (Kb = (CaO +
MgO)/(SiO2 + Al2O3)) and hydration modulus (HM = (CaO +MgO + Al2O3)/SiO2) were 0.99 and
1.82, respectively. Kb was close to 1.0, which is a neutral value for ideal alkali activation, and HM was
higher than 1.4, which is a value for excellent hydration reaction. FA was composed of SiO2 (56.8%),
Al2O3 (22.8%), Fe2O3 (6.9%), and M2O(K2O+Na2O) (1.9%). The main components of CSA EA were
lime, gypsum, and bauxite, and they were composed of CaO (34.6%), SiO (30.2%), and Al2O3 (24.2%).
The alkali activator was used to accelerate the reaction of the binder. The alkali activator was in the
form of a white powder with a molar ratio of 0.95. In addition, alkali activators are manufactured
separately by adjusting the chemical components. The SiO2/Na2O ratio of the alkali activator used in
this study was 0.92. The fine aggregate used was river sand with a density of 2.53, water absorptivity
of 1.08, and fineness modulus of 2.77.

Table 1. Physical properties and chemical composition of alkali-activated material (AAM) binder and
calcium sulfoalumiante expansive additive (CSA EA).

Type
Density
(g/cm3)

Blaine Specific Surface
CaO SiO2 Al2O3 Fe2O3 SO3 MgO K2O Na2O

(cm2/g)

GGBFS 2.9 4680 43.4 34.6 14.3 0.6 5.0 5.1 0.5 0.2
FA 2.2 3220 3.5 56.8 22.8 6.9 0.5 1.8 1.1 0.8

CSA expansive
additive 2.9 3750 36.4 30.2 24.2 1.7 5.3 1.4 0.5 0.3

Alkali activator 1.0 - - 46.2 - - - - - 50.2

Table 2 summarizes the mix proportions of the AAM mortar. A binary blended binder in which
GGBFS and FA were mixed at a ratio of 7:3 was used, and 24% alkali activator was used compared to
the unit water content. The contents of CSA EA used were 0%, 2.5%, 5.0%, and 7.5% compared to the
amount of the binder. The water/binder (W/B) ratio was 45.1%, and the sand/binder (S/B) ratio was 1.2.
For the mixing method, the basic binder, alkali activator, and CSA EA were placed in a test container
and dry mixing was performed for 30 s. Then, water was added, and mixing was performed for ten
min at 150 rpm to produce paste. In addition, fine aggregate was added, and mixing was performed
for 90 s at 300 rpm.
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Table 2. Mix proportions of alkali-activated material (AAM) mortar.

Type
Water Binder Activator Sand CSA

(g) (g) (g) (g) (g)

0 EA 0.451 1.000 0.108 1.200 0.000
2.5 EA 0.451 1.000 0.108 1.200 0.250
5.0 EA 0.451 1.000 0.108 1.200 0.500
7.5 EA 0.451 1.000 0.108 1.200 0.750

2.2. Test Methods

2.2.1. Setting Time Test

To evaluate the setting characteristics of the AAM mortar, the mortar Vicat test was conducted
in accordance with ASTM C191-18a [47]. The initial and final settings of the AAM mortar were
determined using the penetration depth of the Vicat needle (diameter: 1.00 ± 0.05 mm, length: 50 mm
or more) in a mortar for 30 s. The Vicat needle penetration tests were conducted every five min, and the
time at which no trace of the Vicat needle was observed on the AAM mortar surface was determined
as the final setting time.

2.2.2. Compressive Strength Test

The compressive strength test was conducted in accordance with ASTM C109-16a [48].
The diameter and height of the cylindrical specimens were 100 and 200 mm, respectively, and
the tests were conducted at curing ages of 1, 7, and 28 days. The average compressive strengths of
the three specimens were used. The specimens were cured in a constant temperature and humidity
chamber at a temperature of 23 ± 2 ◦C and a relative humidity of 90 ± 2%.

2.2.3. Modulus of Elasticity Test

The concrete modulus of elasticity test was conducted in accordance with ASTM C469M-14 [49].
The diameter and height of the cylindrical specimens were 100 and 200 mm, respectively. Two strain
gauges were attached to the side of each specimen to measure the modulus of elasticity. A load of
up to 40% of the ultimate load was applied at a rate of 0.25 MPa/s, and the modulus of elasticity
was calculated through regression based on the interpolation of strain measurements for the load.
The modulus of elasticity test results was obtained by averaging the modulus of elasticity measurement
results of three specimens. The specimens were cured in a constant temperature and humidity chamber
at a temperature of 23 ± 2 ◦C and a relative humidity of 90 ± 2%.

2.2.4. Ultrasonic Pulse Value (UPV) Test

The system used for monitoring the UPV in the AAM mortar specimens is shown in Figure 1.
A hole was made in the Styrofoam container, and an oscillator and a receiver were placed so that they
could face each other at a distance of 30 mm. After filling the container with mortar, the transit time
of ultrasonic waves from the oscillator to the receiver was measured every 30 s. The Pundit-2 model
from PROCEQ was used to measure the UPV. UPV (Vc) was obtained by dividing the length of the
specimen (L) by the transit time (T), and it has the following relationship with the dynamic modulus of
elasticity (Ed) and density (ρ) [50–52].

Vc =
L
T
=

√
Ed
ρ

(1)

Figure 2 shows the typical evolution curve of the UPV of the AAM mortar, which was altered
with three sections. According to the curve, points A and B can be determined in terms of altered time
points. The UPV begins to increase at point A, and it begins to slow down and converges to a certain
value at point B [53–55].
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Figure 1. Schematic of ultrasonic pulse velocity (UPV) monitoring.

Figure 2. Typical evolution curve of ultrasonic pulse velocity.

3. Results and Discussion

3.1. Setting Time

The setting of AAM mortar is affected by the conditions of the alkali activator, and it is generally
faster than that of ordinary Portland cement (OPC) [56,57]. Table 3 shows the setting time of the AAM
mortar according to the content of EA. For 0 EA without EA, the initial setting time (IST) was 101 min
and the final setting time (FST) was 292 min. As for paste (w/c = 0.5) using ordinary Portland cement
(OPC), the initial setting is within 6 to 7 h according to the literature [58]. Under the same mixing
conditions, the AAM mortar exhibited a faster setting compared to mortar that used cement as a binder.
This is because the alkali activator stimulated the binder quite early [59].

Table 3. Setting time and strength characteristics of the AAM mortar mixed with EA.

Type
Setting Time Compressive Strength Modulus of Elasticity

(min) (MPa) (Es, GPa)

IST FST 1D 28D 1D 28D

0 EA 101 292 3.2 43.6 1.7 19.3
2.5 EA 93 238 5.2 49.1 2.1 20.1
5.0 EA 70 223 5.9 49.6 2.3 20.2
7.5 EA 55 171 5.7 47.3 2.5 20.2

The setting time was accelerated as the CSA EA content increased. For 7.5 EA with the highest
CSA EA content, the initial setting time and final setting time were 55 and 171 min, respectively, which
were 45.4% and 41.4% shorter compared to those of 0 EA. When a CaO-based CSA EA is used in
mortar, Ca2+ ions diffuse and generate hydrates (Ca(OH)2). The setting characteristic of OPC is highly
associated with the hydration of C3S (Ca3SiO5, alite). An OPC paste reaches its initial setting state once
C3S has been sufficiently hydrated, and the final setting occurs when a sufficient amount of C-S-H has
precipitated. On the other hand, the main constituent of CSA expansive additives is C4A3s (Ye’elimite),
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which dissolves in contact with water and forms ettringite (Ca6Al2(SO4)3(OH)12·26H2O) at a much
faster rate than C3S does.

This action, which is similar to the alkali activation reaction of AAM, accelerates the reaction
of AAM by increasing the dissolution of Ca2+ ions in the mixing water, thereby further accelerating
setting [59,60].

3.2. Compressive Strength and Modulus of Elasticity

When a CSA EA is used in mortar, the mortar temporarily expands at the initial stage owing to
the hydrates of EA, and its internal structure becomes dense. This increases the strength and modulus
of elasticity of the mortar [1]. Table 3 shows the compressive strength and modulus of elasticity of
AAM mortar mixed with CSA EA.

The average compressive strength of the three AAM mortars exceeded 40 MPa, which was the
target strength set during the mix design. The AAM mortar without EA (0 EA) exhibited high initial
strength, with a compressive strength of 3.2 MPa and modulus of elasticity of 1.2 GPa at 1 day of
age. However, for the AAM mortar mixed with CSA EA, the compressive strength was higher than
5 MPa, and the modulus of elasticity was higher than 2 GPa at 1 day of age, which were 63–87%
and 76.3–103.5% higher, respectively, compared to those of 0 EA. AAM mortar containing CSA EA
exhibited higher compressive strength values at 28 days of age compared to 0 EA. At one day of age,
the strength and modulus of elasticity increased as the EA content increased. However, at 28 days of
age, the compressive strength of 5.0 EA was the highest (49.6 MPa), and the compressive strength of
7.5 EA was 47.3 MPa, which was lower than that of 2.5 EA.

When the modulus of elasticity of the AAM mortar at 28 days of age was compared, the modulus
of elasticity of the AAM mortar containing CSA EA was higher than that of 0 EA, but there was no
clear improvement in the modulus of elasticity due to EA. This is because the modulus of elasticity
was not significantly affected by the binder, as it was also affected by factors other than the cement
matrix, such as fine aggregate.

3.3. Ultrasonic Pulse Velocity

UPV can measure changes in the internal structure of mortar caused by a hydration reaction
without physical damage using the speed of sound waves, and it is possible to identify sudden changes
in the internal structure of mortar through the monitoring of UPV. According to Lee et al., the UPV of
mortar and concrete has three different sections [61]. The initial fluid state section (step 1) represents
the unhardened state of the mortar. In this instance, the UPV exhibits a level similar to that of the fluid
state and ranges from 300 to 500 m/s. In step 2, pores are filled with the hydration products of cement,
and moisture unsaturated porous solid structures are connected, thereby increasing the UPV. In the
step 3 section, high UPV is maintained because the hydrates are connected to each other, and mortar
begins to develop strength owing to the curing process. Micropores are filled with hydration products,
and UPV continuously increases, even though it does not increase as rapidly as in step 2.

Figure 3 shows the UPV curves of the AAM mortar according to the EA content. The UPV of the
AAM mortar incorporating CSA EA was 348–412 m/s, corresponding to the values typically shown by
a mixture in the fluid state. An increase in the UPV value was observed after 0.5 h by 7.5 EA, which
incorporated the highest dosage of CSA EA and was the first to enter step 2, followed by 2.5 EA and
0 EA after 1.5 h. It was observed that the UPV rapidly increased in step 2, while its increasing rate
decreased after 3–8 h, reaching step 3. Similarly, the time taken to reach step 3 was the shortest in
7.5 EA. The rate at which the UPV increased tended to gradually decrease 48 h after the specimens
reached step 3.
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Figure 3. AAM mortar of ultrasonic pulse velocity curve: (a) Time: 3 h, (b) Time: 48 h.

The curves show shapes similar to those of the UPV curves of other researchers, but there are some
differences. In a study by Lee et al. [61], the duration of step 1 for OPC mortar was 6–10 h, whereas
that for the AAM mortar was 0.5–1.5 h, suggesting that the duration of step 1 was much shorter for
AAM. In addition, while step 2 was reached after a sudden increase from step 1 for the UPV curves of
the AAM mortar, the UPV curves of the OPC mortar continuously increased without clear boundary
points to reach step 2. This is because the rapid hydration reaction occurred as AAM mortar-stimulated
GGBFS using the alkali activator. In addition, CSA EA further reduced step 1 as it accelerated the
hydration reaction. Lee et al. [61] suggested that OPC mortar reaches step 3 after 16–20 h, while it
was shown that AAM took 3–8 h to reach step 3, showing a much faster rate than OPC mortar. This is
because the rapid reaction of AAM mortar occurred as described above. The AAM mortar containing
EA exhibited a higher UPV at the same age. This is due to the generation of ettringite, which is the
main hydration product of EA.

3.4. Setting Time in UPV Test

The UPV curve can reflect changes in the internal structure of mortar caused by the hydration
reaction. Pessiki and Carino et al. analyzed the relationship between UPV and setting or strength
using the UPV curve [62]. According to a report by Lee et al., the analysis of the relationship between
the UPV and the setting of concrete revealed that UPV increased when setting began. It was confirmed
that initial and final settings occurred when UPV reached certain values [61,63,64].

The UPV measurement for AAM according to each step defined in Figure 2 is analyzed in Figure 4.
As can be seen from the figure, the UPV curves are divided into three sections. According to a report
by Lee, the intersections of the straight lines created by connecting UPV values in each section are
related to setting. As the UPV curves of the AAM mortar have three different sections, straight lines
were created in each section by connecting the data, and the intersections of the lines were compared
with the setting time by the ASTM C191-18a test method.

Step 1 lasted for approximately 60 min (30 min for EA7.5), and the UPV results were used to
create a straight line (black curve in Figure 4). The UPV sharply increased afterwards, and step 2 began
approximately 90–120 min after mixing. In this instance, the use of EA advanced the time at which
step 2 began. During step 2, the UPV results for an hour were used to create a straight line (blue curve
in Figure 4). Step 3 began approximately eight hours after mixing. Mortar mixtures tend to reach step
3 within 3–8 h after setting. The point at which the UPV converges has been determined by regression
analysis (blue curve in Figure 4).
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Figure 4. UPV curves of AAM mortar: (a) 0 EA, (b) 2.5 EA, (c) 5.0 EA, (d) 7.5 EA.

To determine the setting time of the AAM mortar using the UPV curves, the intersections of the
straight lines created in each section of the curves were examined. The intersection of the straight
lines of the step 1 and step 2 sections was defined as the initial setting, and that of the straight lines of
the step 2 and step 3 sections was defined as the final setting. The analysis results showed that the
initial setting time of 0 EA was 102 min, and its final setting time was 294 min. In the same manner,
the initial setting and final setting of 2.5, 5.0, and 7.5 EA are shown in each graph. The initial and
final setting times determined using UPV became shorter as the EA content increased. Table 4 shows
the differences between the initial and final setting times determined by the UPV curves and those
determined by ASTM C 191-18a. The difference in initial setting time ranged from 1 to 14 min, and that
in the final setting ranged from 1 to 10 min. In particular, when the EA content was 2.5% or less, the
difference in setting time was 3 min or less, resulting in no significant difference in the results of the
two test methods.

Table 4. Differences in setting time between the ASTM C 191-18a test method and UPV.

Type
ASTM C 191-18a—UPV (min)

0 EA 2.5 EA 5.0 EA 7.5 EA

IST * 1 3 14 6
FST ** 2 1 2 10

IST *: Initial setting time; FST **: Final setting time.

3.5. Elasticity in UPV Test

The dynamic modulus of elasticity of mortar can be obtained through an empirical equation if
dynamic characteristics, such as UPV, are used.

Ed = ρV2
c (2)
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where Ed is the dynamic modulus of elasticity (GPa), ρ is the density of the specimen (ton/m3), and
Vc is UPV (m/s). Table 5 shows the UPV results of the AAM mortar at one day of age, the Ed values
obtained using the results, and the static modulus of elasticity (Es) values at one day of age obtained
through an experiment. The density of the AAM mortar used was 2.4 ton/m3.

Table 5. UPV and dynamic and static moduli of elasticity of the AAM mortar at one day of age.

Type

By UPV Test (1D) By ASTM C469M-14 (1D)

Ed/EsUPV (m/s) Ed (GPa)
Increase Rate

Es (GPa)
Increase Rate

(0 EA) (0 EA)

0 E 3381.9 2.68 100.0 1.65 100.0 1.624
2.5 E 3753.5 3.31 123.5 2.13 129.1 1.554
5.0 E 3883.9 3.54 132.1 2.27 137.6 1.560
7.5 E 4081.1 3.91 145.9 2.46 149.1 1.589

As the EA content increased at 1 day of age, both Ed and Es increased. As the content of CSA EA
increased to 2.5, 5.0, and 7.5%, Es increased by 23.5, 32.1, and 45.9% compared to that of 0 EA and Ed

increased by 29.1, 37.6, and 49.1%. Here, the difference between the increase rates of Ed and Es of the
AAM mortar that used CSA EA based on 0 EA ranged from 3.2% to 5.6%, indicating that Ed and Es

showed relatively similar tendencies. This means that Es can be indirectly calculated through UPV
because Ed is obtained using the equation of UPV. This approach has been mainly used to analyze the
characteristics of rocks, and the correlation between the static and dynamic characteristics of rocks has
been verified by several researchers [65–69].

In general, the dynamic modulus of elasticity tends to be higher than the static modulus of
elasticity [65,70–72]. This can be because an increase in the crack and pore volume in concrete and
mortar decreases their static modulus of elasticity to a larger extent [65,73]. In the test results, Ed by
UPV exhibited higher results than Es. It was found that Ed was 62.4–55.4% higher than Es.

Table 6 shows the static modulus of elasticity of the AAM mortar at the final setting time obtained
using UPV. The UPV at the accurate final setting time was unknown because it was measured every 30
min. Therefore, the dynamic modulus of elasticity was calculated using UPV at a time point similar
to the final setting time. At the final setting time of the AAM mortar, UPV exhibited similar values,
ranging from 2039.9 to 2205.0 m/s. Based on this, the dynamic modulus of elasticity was measured to
be between 0.98 and 1.14 GPa. The AAM mortar developed stiffness as it was cured, and UPV and the
dynamic modulus of elasticity were found to be constant at the final setting time. They were similar
regardless of EA content.

Table 6. UPV and dynamic modulus of elasticity at the final setting time of the AAM mortar.

Type
By ASTM C 191-18a By UPV Test
Final Setting (h:m) Time UPV(m/s) Es (GPa)

0 EA 4:52 5:00 2105.1 1.04
2.5 EA 3:58 4:00 2039.9 0.98
5.0 EA 3:43 3:30 2056.6 0.99
7.5 EA 2:51 3:00 2205.0 1.14

4. Conclusions

In this study, the initial hardening characteristics of alkali-activated material (AAM) mortar were
analyzed using the four levels of CSA expansive additive (CSA EA) content. For the analysis of the
initial hardening characteristics using ultrasonic pulse velocity (UPV), the results of the Vicat setting
test, a conventional test method, were compared with those of the modulus of elasticity test. The main
observations and findings of this study can be summarized as follows:
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1. CSA EA is used to compensate for initial shrinkage, but it accelerates the initial reactivity and
shortens the setting time, thereby causing the final setting, which is the basis of shrinkage stress.
The dynamic modulus of elasticity of the AAM mortar obtained using UPV at the final setting
time was approximately 1 GPa, which was constant regardless of the CSA EA content. As the
modulus of elasticity of the AAM mortar increases over time, CSA EA that accelerates the final
setting may cause high shrinkage stress at early ages.

2. The compressive strength of the AAM mortar tended to increase with the CSA EA up to the
dosage level of 5.0%, whereas it decreased at a dosage of 7.5%. Therefore, it is concluded that the
maximum dosage of CSA EA should be limited to 5.0%, considering its effect on the compressive
strength development.

3. The initial and final setting times obtained by the UPV test were similar to those obtained by the
Vicat test. The dynamic modulus of elasticity derived through UPV increased as the CSA EA
content increased, and it exhibited increase rates similar to those of the static modulus of elasticity.
Therefore, UPV can reflect the curing, initial setting, and final setting processes of AAM mortar
caused by the initial alkali activation reaction, and it is possible to evaluate the degree of curing
of AAM mortar through the dynamic modulus of elasticity.

4. The use of a UPV monitoring system makes it possible to continuously observe the curing process
of mortar and to identify changes in the stiffness of AAM mortar using the dynamic modulus of
elasticity at early ages when it is difficult to conduct the static modulus of elasticity test. These
data are expected to be useful in evaluating the initial shrinkage stress of AAM mortars.

5. In addition, the relationship between UPV and the static modulus of elasticity was established
through various tests according to the material properties. Based on this relationship, it will be
possible to evaluate the stress acting on mortar due to the displacement caused by various causes
at early ages.
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39. Trtnik, G.; Kavčič, F.; Turk, G. Prediction of concrete strength using ultrasonic pulse velocity and artificial
neural networks. Ultrasonics 2009, 49, 53–60. [CrossRef]

40. Keating, J.; Hannant, D.J.; Hibbert, A.P. Correlation between cube strength, ultrasonic pulse velocity and
volume change for oil well cement slurries. Cem. Concr. Res. 1989, 19, 715–726. [CrossRef]

41. Bogas, J.A.; Gomes, M.G.; Gomes, A. Compressive strength evaluation of structural lightweight concrete by
non-destructive ultrasonic pulse velocity method. Ultrasonics 2013, 53, 962–972. [CrossRef]

42. Rajagopalan, P.R.; Prakash, J.; Narasimhan, V. Correlation between ultrasonic pulse velocity and strength of
concrete. Indian Concr. J. 1973, 47, 416–418.

43. Anderson, D.A.; Seals, R.K. Pulse velocity as a predictor of 28- and 90-day strength. J. Proc. 1981, 78, 116–122.
44. Abel-Jawad, Y.A.; Afaneh, M. Factors affecting the relationship between ultrasonic pulse velocity and concrete

compressive strength. Indian Concr. J. 1997, 71, 373–378.
45. KS F 2563. Ground Granulated Blast-Furnace Slag for Use in Concrete; Korean Standards: Seoul, Korea, 2019.
46. KS L5405. Fly Ash; Korean Standards: Seoul, Korea, 2018.
47. ASTM, C191-18a. Standard Test Methods for Time of Setting Hydraulic Cement by Vicat Needle; ASTM International:

West Conshohocken, PA, USA, 2018.
48. ASTM C109-16a. Standard Test Method for Compressive Strength of Hydraulic Cement Mortars (Using 2-in. or

[50-mm] Cube Specimens); ASTM International: West Conshohocken, PA, USA, 2016.
49. ASTM C469M-14. Standard Test Method for Static Modulus of Elasticity and Poisson’s Ratio of Concrete in

Compression; ASTM International: West Conshohocken, PA, USA, 2014.
50. Komlos, K.; Popovics, S.; Nürnbergerová, T.; Babal, B.; Popovics, J.S. Ultrasonic pulse velocity test of concrete

properties as specified in various standards. Cem. Concr. Compos. 1996, 18, 357–364. [CrossRef]
51. Qixian, L.; Bungey, J.H. Using compression wave ultrasonic transducers to measure the velocity of surface

waves and hence determine dynamic modulus of elasticity for concrete. Constr. Build. Mater. 1996, 10,
237–242. [CrossRef]

52. Lu, X.; Sun, Q.; Feng, W.; Tian, J. Evaluation of dynamic modulus of elasticity of concrete using impact-echo
method. Constr. Build. Mater. 2013, 47, 231–239. [CrossRef]

53. Chotard, T.; Gimet-Breart, N.; Smith, A.; Fargeot, D.; Bonnet, J.P.; Gault, C. Application of ultrasonic testing
to describe the hydration of calcium aluminate cement at the early age. Cem. Concr. Res. 2001, 31, 405–412.
[CrossRef]

54. Smith, A.; Chotard, T.; Gimet-Breart, N.; Fargeot, D. Correlation between hydration mechanism and ultrasonic
measurements in an aluminous cement: Effect of setting time and temperature on the early hydration. J. Eur.
Ceram. Soc. 2002, 22, 1947–1958. [CrossRef]

55. Boumiz, A.; Vernet, C.; Tenoudji, F.C. Mechanical properties of cement pastes and mortars at early ages:
Evolution with time and degree of hydration. Adv. Cem. Res. 1996, 3, 94–106. [CrossRef]

56. Chang, J.J. A study on the setting characteristics of sodium silicate-activated slag pastes. Cem. Concr. Res.
2003, 33, 1005–1011. [CrossRef]

57. Choi, S.; Lee, K.M. Influence of Na2O Content and Ms (SiO2/Na2O) of Alkaline Activator on Workability and
Setting of Alkali-Activated Slag Paste. Materials 2019, 12, 2072. [CrossRef]

276



Materials 2020, 13, 4432
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Abstract: This paper presents the results of tests on high performance concrete (HPC) prepared and cured at
various ambient temperatures, ranging from 12 ◦C to 30 ◦C (the compressive strength and concrete mix density
were also tested at 40 ◦C). Special attention was paid to maintaining the assumed temperature of the mixture
components during its preparation and maintaining the assumed curing temperature. The properties of a
fresh concrete mixture (consistency, air content, density) and properties of hardened concrete (density, water
absorption, depth of water penetration under pressure, compressive strength, and freeze–thaw durability of
hardened concrete) were studied. It has been shown that increased temperature (30 ◦C) has a significant
effect on loss of workability. The studies used the concrete slump test, the flow table test, and the Vebe test.
A decrease in the slump and flow diameter and an increase in the Vebe time were observed. It has been shown
that an increase in concrete curing temperature causes an increase in early compressive strength. After 3 days
of curing, compared with concrete curing at 20 ◦C, an 18% increase in compressive strength was observed
at 40 ◦C, while concrete curing at 12 ◦C had a compressive strength which was 11% lower. An increase in
temperature lowers the compressive strength after a period longer than 28 days. After two years of curing,
concrete curing at 12 ◦C achieved a compressive strength 13% higher than that of concrete curing at 40 ◦C.
Freeze–thaw performance tests of HPC in the presence of NaCl demonstrated that this concrete showed high
freeze–thaw resistance and de-icing materials (surface scaling of this concrete is minimal) regardless of the
temperature of the curing process, from 12 ◦C to 30 ◦C.

Keywords: concrete; temperature; high performance concrete (HPC)

1. Introduction

1.1. Temperature Influence on the Hydration Process of Portland Cement

Temperature is an important factor which influences the hydration process of cement and the
properties of concrete mixture and hardened concrete. It is known that the rate of reaction of cement
hydration grows with increasing temperature. The consequence of this is a faster increase in the strength
of concrete in the early stage of maturation [1–3].

The influence of temperature on the cement hydration process has been the subject of many studies.
It has been found that, in the early stages of maturation, the rate of hydration of the alite significantly
increases along with an increase in temperature, but later (from 28 to 90 days) it decreases depending on
the type of cement [4]. After a year of maturation, the highest degree of hydration was observed in cement
pastes cured at 10 ◦C and the lowest in those at 60 ◦C. Furthermore, it was found that, in cement paste
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curing at 10 ◦C, almost all the cement grains were hydrated, while at 60 ◦C cement grains which were only
partially hydrated could be observed.

Studies on the microstructure of hydrated cement phases at different temperatures have shown that
temperature also influences the morphology, type, and number of hydrate phases formed. At higher
temperatures, the more heterogeneous distribution of hydrate phases and formations of shorter
needle-shaped ettringite crystals are observed [5]. Moreover, the results indicate that at elevated
temperatures the hydration rate of alite and belite is higher.

The results of the authors of the study [6] indicate that the apparent density of cement paste increases
with temperature (in the range from 5 ◦C to 60 ◦C). According to the authors, this is due to the reduction
of bonded water. This results in a more porous microstructure of the cement paste and a reduction in the
volume occupied by the C-S-H phase. Higher porosity of cement pastes cured at elevated temperatures
was also found by the authors [7]. The result is lower strength of the paste and lower durability of the
resulting material.

The studies presented in the paper [8] indicate that at elevated temperatures (40 ◦C and 50 ◦C) the
formation of the C-S-H phase with higher density, more heterogeneous distribution of hydration products
and higher porosity were observed. At 50 ◦C, calcium monosulphate was observed in the initial period,
while the amount of ettringite significantly decreased. This was also confirmed by the authors of other
works [9,10]. Due to the increase in porosity, the strength decreases later on. An increase in the porosity
of cement pastes cured at elevated temperatures was also observed in binders containing granulated
blast-furnace slag [11–14].

Cement pastes with the addition of fly ash, volcanic ash or granulated blast-furnace slag, cured in
the temperature range from 10 ◦C to 60 ◦C were tested in the study [11]. It was found that blast furnace
slag was the only additive that positively influenced the strength (in relation to the strength of the cement
paste without additives), especially at 60 ◦C. According to these authors, the microstructure of cement
pastes cured at 60 ◦C showed higher porosity than the microstructure of grouts cured at 10 ◦C.

In [15], it was found that the microstructure of cement paste with silica fume, cured at 23 ◦C,
is homogeneous. This cement paste has a much less porous structure compared to a cement paste without
an additive, with the same degree of cement hydration. On the other hand, cement pastes cured at 30 ◦C
and 70 ◦C differ from cement pastes cured at 23 ◦C with their Ca(OH)2 concentration. While the distribution
of hydration products is still relatively homogenous, there are larger continuous pores between the cement
grains. The authors found that the temperature of curing has a greater impact on the microstructure of a
cement paste with silica fume than cement paste without this additive.

Tests of cement pastes cured at temperatures ranging from 5 ◦C to 50 ◦C carried out after a longer
period of time (up to 91 days) showed that the cement pastes cured at the lowest temperature was hydrated
to the greatest extent [16]. These authors have also shown that at a higher curing temperature in a cement
paste, the distribution of hydration products is uneven, resulting in a lower compressive strength of these
cement pastes after a longer curing time [17,18].

Summing up the results of the research conducted by various authors, it should be stated that the
increase in temperature leads to the acceleration of the hydration process of Portland cement, with the
distribution of hydration products being more irregular. This results in increased compressive strength in
the early stages of curing. Increased temperature also makes the distribution of cement hydration products
uneven and increases the porosity of the resulting structure. The consequence of this is a reduction in
compressive strength after a longer curing period. This also applies to cement pastes containing mineral
additives, although, in the case of additives, such as fly ash or granulated blast-furnace slag, the scale of
the phenomenon is smaller, which can be explained by the reduction in hydration heat of binders with
these mineral additives.
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1.2. Influence of Temperature on the Properties of a Fresh Concrete Mixture and Hardened Concrete

The influence of temperature on the cement hydration is reflected in the properties of the concrete
mixture and hardened concrete. The production of concrete mixtures at elevated temperatures causes
many problems due to the accelerated hydration process of the cement. In addition, the concrete mix has
a higher water demand due to evaporation. The influence of temperature on the workability of normal
strength concrete is well recognised—increasing temperature leads to workability deterioration [19,20].
The authors of the paper [21] also stated that there is an optimal temperature (about 20 ◦C) allowing them
to obtain a concrete mixture with the most advantageous workability. Klieger [22] found that with the
temperature increase of 11 ◦C, the slump decreases by 25 mm, the result of which it is necessary to increase
the water content to maintain its consistency.

The consistency of the concrete mixture also depends on the effectiveness of chemical admixtures at
elevated temperatures. Schmidt et al. [23] demonstrated that the behaviour of Self-Compacting Concrete
(SCC), containing a superplasticizer, at different temperatures, is different from that of normal concrete.
Superplasticizers in a concrete mixture, depending on their chemical structure, have different effects on
rheological properties of the concrete mixture. A linear relationship between the temperature and the
yield stress of the concrete mixture was shown. The higher the temperature, the faster the yield stress
increases [24].

The paper in [25] shows that the temperature of concrete mixture also has an influen on the initian
and final setting time of cement. The difference between the initial and the final setting time of the cement
decreases as the ambient temperature increases. Moreover, the study [26] shows that an increase in the
cement content results in an increase in the temperature of the concrete mixture, as well as a shortening of
the setting time.

An increase in ambient temperature generally results in a loss of workability of the concrete mixture.
The reason for this phenomenon is both the acceleration of the cement setting process and the faster
evaporation of the mixing water at higher temperatures.

The influence of temperature on the properties of hardened concrete is similar to that of cement
pastes [27]. Increasing the temperature of concrete curing results in higher early concrete strength;
however, the strength decreases after as time goes on. An increase in temperature also reduces the
corrosion resistance of concrete [5,28]. This effect is most evident when the concrete mixture is exposed to
high temperatures immediately after casting.

The most susceptible to excessive heating are massive elements, where the cooling surface is small in
relation to the mass of the concrete mixture being caste. The negative phenomena caused by excessive
heating can be minimized by proper selection of binder composition [29].

There are methods to minimise the adverse effects of increased temperature on concrete properties.
These include: reducing the cement content in concrete; partial replacement of the cement by mineral
pozzolanic and hydraulic additives; the use of cement with low hydration heat; thermal control of
aggregates; the use of cool water or the addition of crushed ice to the concrete mixture. In practice, good
results are achieved by introducing granulated blast-furnace slag and fly ash into the cement [30–32].

The influence of temperature on the properties of normal strength concrete is widely recognised.
An increase in the curing temperature also increases the early strength; however, it reduces the strength
of the concrete later on and has a negative impact on its durability, which is related to the cement
hydration process. However, it should be noted that the influence of temperature on the properties of High
Performance Concrete (HPC), which is particularly sensitive to temperature changes due to the relatively
low w/c ratio and the use of high range water reducing admixtures (HRWR), is much less well-known.

Apart from the heat generated by the hydration reaction, the temperature of the concrete mixture is
also influenced by the temperature of the mixture components, the ambient temperature, and the heat
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generated by friction as a result of mixing. The temperature of the aggregate is of particular importance,
because its content in concrete is relatively high. The temperature of aggregate and water generally
corresponds to the ambient temperature, while the temperature of cement stored in silos can be much
higher, which further increases the temperature of the concrete mixture.

This paper presents the results of a study on the influence of temperature on the properties of a fresh
concrete mixture and hardened HPC containing a polycarboxylate superplasticizer and an addition of
silica fume. The tests were carried out at both increased (30 ◦C) and lowered (12 ◦C) concrete curing
temperatures, but within the range of the practical applicability of concrete. The compressive strength and
concrete mix density were tested at temperatures of 12 ◦C, 20 ◦C, 30 ◦C and 40 ◦C. Special attention was
paid to achieving the desired temperature of the mixture components and maintaining this temperature
while making the mixture and curing the concrete.

2. Materials

The concrete (HPC) was made with Portland cement CEM I 42.5 R (CEM I), with a specific surface
area (Blaine) of 440 m2/kg. The chemical composition of the cement is shown in Table 1. The results of
particle size distribution tests performed with a laser grain analyser are presented in Figure 1.

Table 1. Chemical composition of Portland cement CEM I 42.5 R (% mas.).

Cement SiO2 Al2O3 Fe2O3 CaO MgO Cl− Na2Oeq SO3 K2O

CEM I 21.9 5.8 2.9 63.1 1.2 0.01 0.7 2.1 0.5

Figure 1. Particle size distribution of Portland cement CEM I 42.5 R (CEM I).

A superplasticizer based on polycarboxylates (SP) was used as a HRWR. The SP was added in the
amount of 1.5% in relation to the mass of cement.

Silica fume (SF) was used as the mineral additive, an amount of 10% in relation to the mass of cement.
According to the manufacturer’s specification, the chemical composition of SF is as follows: SiO2 (min.
85%), Fe2O3 (max. 2.5%), CaO (max. 1.0%) and Al2O3 (max. 1.5%).

The concrete mixture was made of natural fine aggregate (0/2 mm fraction) and crushed basalt
aggregate (fractions 2/8 and 8/16 mm). The particle size distribution of individual aggregate fractions is
shown in Figure 2.
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The results of the physical properties of aggregates, such as bulk density, specific density and water
absorption are presented in Table 2.

The particle size distribution was selected using the iterative method described by Kuczyński [33,34].
When composing the particle size distribution from several different aggregate fractions, they were put
together in such a way as to ensure the greatest possible tightness, with the lowest possible water demand.

The composition of the HPC mixture was designed using the experimental method, assuming the
particle size distribution, as defined above, and the amount and type of cement with silica fume added
(Table 3). The w/c ratio was selected to obtain concrete with a compressive strength of more than 100 MPa.
The designed concrete mixture composition is presented in Table 3. The consistency of the concrete mixture
was regulated by adding an appropriate amount of the SP.

Figure 2. Particle size distribution of aggregates used in the production of HPC.

Table 2. Physical properties of aggregates.

Fraction

Average Value

Bulk Density Specific Density Water Absorption
(kg/dm3) (kg/dm3) (%)

0/2 1.72 2.64 1.4
2/8 1.64 3.12 1.6
8/16 1.60 3.18 0.5

Table 3. Concrete mixture composition.

Ingredient
Content
(kg/m3)

cement 500
0/2 fraction fine aggregate 656

2/8 fraction coarse aggregate 592
8/16 fraction coarse aggregate 740

water 150
silica fume 50

superplasticizer 7.5
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The ingredients were mixed in a forced circulation mixer by Zyklos Mixer ZK 150 HE (Pemat,
Freisbach, Germany). The same procedure for adding ingredients to the mixer and a constant mixing time
of the concrete mixture at all temperatures were applied. The mixing procedure used is shown in Table 4.

Table 4. Mixing procedure for concrete mixture ingredients.

Time
Activity Performed

(min)

0–2 mixing the coarse aggregate fractions (2/8 and 8/16 mm)
2–4 adding the fine aggregate fraction (0/2 mm)
4–6 adding the cement and silica fume
6–8 adding 1/2 the water amount
8–14 adding 1/2 the water amount with the superplasticizer
14 mixing completion

Concrete mixtures were made at temperatures of 12 ◦C, 20 ◦C, 30 ◦C and 40 ◦C. In order to stabilise
the temperature of the components, the cement, silica fume, aggregate and water were kept at a controlled,
assumed temperature for at least 72 h before the concrete mix was made, using climate chambers.

Every effort was made to keep the temperature in the room where the concrete mix was prepared at
the assumed level. The temperature was increased using an appropriate heating system and air heater
units. Tests at lowered temperatures were carried out in the winter period, which made it possible to
maintain the assumed temperature.

3. Methods

3.1. Tests of the Properties of the Materials Used

The particle size distribution of cement was tested with the use of the Mastersizer 3000 laser particle
analyser (Malvern, UK), and the wet method. Isopropanol was used as the dispersant. The test was
carried out with an obscuration range of 10–15%. The presented test results are an average of at least
3 measurements.

Physical properties of aggregates such as bulk density, specific density and water absorption were
tested in accordance with standards EN 1097-3:2000, EN 1097-6:2013 and EN 1097-6:2013, respectively.

3.2. Concrete Mixture Testing

Consistency testing by the concrete slump test was performed according to EN 12350-2:2011. This test
consists of placing and compacting the concrete mixture in a truncated cone shaped mould. The result of
the test is the decrease in the height of the concrete mixture immediately after removing the mould.

Consistency determination with the flow table test was carried out according to EN 12350-5:2011.
This test consists of placing the mixture in a truncated cone on a plate and then, after lifting the mould,
15 cycles of lifting and free falling of the upper table plate are performed. The result of the test is the flow
diameter of concrete mixture.

Consistency determination with the Vebe test was carried out according to EN 12350-3:2011. The result
of the test is the time of vibration of the mixture placed in the cylinder until the level of the mixture in the
cylinder is completely consolidated.

Testing of the consistency of the concrete mixture using the concrete slump test, the flow table test
and the Vebe test was carried out immediately after mixing the ingredients, as well as after 30 and 60 min.
The concrete mixture was mixed at slow speed until testing.
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The air content of the concrete mixture was determined in accordance with EN 12350-7:2011 by means
of a pressure gauge. Testing using a pressure gauge is based on Boyle–Mariotte’s law and consists in
the fact that a known volume of air at a certain pressure combines in a tightly closed container with an
unknown volume of air contained in a concrete mixture sample.

The density of the concrete mixture was determined according to EN 12350-6:2011. This method
consists in determining the weight of a concrete mixture, completely filling a container with a
known volume.

3.3. Testing on Hardened Concrete

The density of the concrete was determined according to EN 12390-7:2011, hydrostatic method.
The method consists in determining the mass and volume of a concrete sample by determining the mass
of displaced water. The test was carried out on cubic samples of 100 mm side.

Tests of concrete water absorption were carried out using the method described in the PN-B-06250:1988
standard, after 28 days of concrete curing. Each time the test was performed on 3 cubic samples with a
side dimension of 100 mm. The samples were first saturated in water to constant mass and then dried at
105 ◦C to constant mass.

The compressive strength was tested according to EN 12390-3:2011. The test was carried out using the
Controls MCC8 strength press (Controls Group, Liscate, Italy). The test was carried out on cubic samples
of 100 mm side. The concrete samples cured for more than 28 days were taken out of water and cured at
laboratory temperature (20 ± 2) ◦C until the test.

Testing of the depth of penetration of water under pressure of the concrete was carried out in
accordance with EN 12390-8:2011. Each time, the test was carried out on 6 cubic samples of concrete with
a side of 150 mm, cured before the test for 28 days in water.

The tests of concrete resistance to cyclic freezing and thawing in the environment of de-icing salt were
performed according to EN 12390-9:2007, using the ”slab test”. This test consists in determining the weight
of scaled material from the concrete sample surface after 7, 14, 28, 42 and 56 freezing and thawing cycles in
the presence of 3% NaCl solution. Then, 4 cubic samples of concrete with a side of 150 mm were used
for the test, which were cured for 7 days at 12 ◦C, 20 ◦C or 30 ◦C. The remaining curing and preparation
period of the test was carried out in accordance with EN 12390-9:2007.

The freeze–thaw durability was also tested according to Polish standard PN-B-06250:1988. The test
is carried out on 12 cubic concrete samples with a side dimension of 100 mm, 6 of which undergo
300 freeze/thaw cycles. The result of the test is a loss of compressive strength of the tested samples,
compared to the other 6 ”witness samples”. Before testing, the samples were cured for 28 days at 12 ◦C,
20 ◦C or 30 ◦C water temperatures.

All test results presented in this paper are average values for a minimum of three measurements.
The uncertainty values given are the expanded uncertainty of measurement with an expansion probability
of approximately 95% and a corresponding expansion factor of k = 4.30 (for 3 samples) k = 3.18 (for
4 samples) and k = 2.57 (for 6 samples).

4. Results and Discussion

4.1. Temperature Influence on the Properties of the Concrete Mixture

Consistencies in the concrete mixture were tested by three methods. This was necessary because
consistency differed significantly from one temperature to another and only one of the methods give
results outside the range of applicability of this method.
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Figure 3 shows the slump depending on the time of the test and the ambient temperature at which the
concrete mixture was prepared from ingredients that had previously obtained the same temperature as the
ambient temperature. It is clear that the concrete mixture preparation temperature in the range from 12 ◦C
to 30 ◦C has a significant impact on the consistency. At 30 ◦C, immediately after mixing the ingredients,
a minimum slump (20 mm) is observed, while at 12 ◦C this value is as high as 280 mm, which is beyond
the applicability range of this test method.

Similar results were obtained using the flow table test and the Vebe test. The flow diameters and Vebe
time depending on the temperature as well as the time of the test are shown in Figures 4 and 5, respectively.

The results of the consistency test using the flow table test (Figure 4) showed a decrease in the
flow diameter of the concrete mixture as the temperature and time increase. The Vebe time needed for
compaction of the concrete mixture also increased with increasing temperature (Figure 5).

The workability of the concrete mixture has also decreased significantly in up to 60 min. Moreover, at
30 ◦C, the decrease in flowability was so great that after only 30 min correct measurement was impossible
(both the Vebe test and the flow table test).

The presented results of the concrete mixture consistency tests showed that an increase in temperature
causes a loss of workability. This effect is particularly visible at 30 ◦C. At this temperature, the workability
of the concrete mixture is lost after only 30 min. The observed phenomenon is mainly the effect of
increasing the rate of water evaporation from the concrete mixture at elevated temperature and accelerated
cement hydration process [19,21], as well as from low ratio w/b = 0.27 in HPC. The results of consistency
tests over time are difficult to assess as no similar tests of an HPC concrete mixture were found in the
literature. The loss of workability can also be caused by a decrease in the effectiveness of the HRWR
admixture at elevated temperatures [23,35]. In practice, it would be necessary to use more of the HRWR
admixture. In this paper, the proportions of ingredients have been retained to ensure the comparability of
test results.

The results of air content tests in the concrete mixture depending on the curing temperature and
testing time are presented in Figure 6.

Figure 3. Results of concrete mixture consistency tests with the use of the slump test depending on the
temperature and time of testing.
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Figure 4. Results of concrete mixture consistency tests with the use of the flow table test depending on the
temperature and time of testing.

As shown in Figure 6, the air content in the concrete mixture generally increases with the mixture
temperature and does not change significantly over time. It should be noted that the results obtained at
30 ◦C may be unreliable as the consolidation of concrete mix was difficult at this temperature.

The concrete mixture density tests showed that the temperature in the tested range (from 12 ◦C
to 40 ◦C) does not have a significant influence on this parameter. Differences in the results of density
determination did not exceed the measurement error (Table 5). Similar results were obtained by the
authors in the paper [36], who demonstrated that the differences in the density of the concrete mixture
tested, at different temperatures, are negligible.

Table 5. Temperature influence on the density of the concrete mixture.

Ambient Temperature Concrete Mixture Temperature Compaction Method Density
(◦C) (◦C) (kg/m3)

12 17.3 rodding/manual 2620 ±10
20 23.5 vibrating table/mechanical 2630 ±10
30 32.7 vibrating table/mechanical 2630 ±10
40 41.6 vibrating table/mechanical 2630 ±10
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Figure 5. Results of concrete mixture consistency tests with the use of the Vebe test depending on the
temperature and time of testing.

Figure 6. The results of air content tests in the concrete mixture depending on the curing temperature
and time.

4.2. Temperature Influence on the Properties of Hardened Concrete

The concrete density tests showed that in the range from 12 ◦C to 30 ◦C, an increase in temperature
causes a slight increase in the concrete density. However, it should be noted that these differences are
minimal, slightly exceeding the error of measurement of the test method (Table 6).

The results of the water absorption tests of the samples of concrete cured at different temperatures
showed that in all cases the obtained values were at a very low level. The least absorbent is the concrete
cured at 20 ◦C, and the largest is the concrete cured at 30 ◦C (Figure 7), however the presented differences
should be considered as small. In addition, at elevated temperatures the water absorption rate increases
more than at the lower curing temperature (12 ◦C). Similar results were obtained by the authors of the
paper [37] in testing mortars.
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Table 6. Influence of ambient temperature on the density of concrete samples.

Curing Temperature Concrete Density
(◦C) (kg/m3)

12 2650 ± 20
20 2660 ± 10
30 2680 ± 20

Figure 7. Water absorption of concrete samples depending on concrete curing temperature.

The results of compressive strength testing of concrete samples depending on curing temperature
(12 ◦C, 20 ◦C, 30 ◦C and 40 ◦C) are shown in Table 7. The increase in compressive strength over time of
these concrete is shown in Figure 8.

Table 7. Results of compressive strength tests (MPa) of concrete samples cured at 12 ◦C, 20 ◦C, 30 ◦C and
40 ◦C.

Time (days)
Curing Temperature

12 ◦C 20 ◦C 30 ◦C 40 ◦C

3 74.5 ± 5.3 84.0 ±1.3 87.9 ± 2.5 99.0 ± 9.1
7 87.8 ± 6.1 93.1 ± 4.0 97.0 ± 11.0 103.3 ± 4.6
28 106.6 ± 2.9 116.9 ± 7.6 107.6 ± 6.3 108.8 ± 6.2
90 128.3 ± 10.4 127.3 ± 7.1 122.7 ± 6.9 119.9 ± 10.7

365 127.7 ± 4.8 131.9 ± 1.8 126.8 ± 0.6 119.0 ± 7.0
730 135.6 ± 6.9 134.8 ± 7.9 124.5 ± 3.7 119.7 ± 6.8

As can be seen from the data in Figure 8, the early strength (after 3 and 7 days) of concrete samples
cured at elevated temperatures (30 ◦C and 40 ◦C) is higher than that of concrete samples cured at lower
temperatures (12 ◦C and 20 ◦C). However, after a longer curing period (from 90 days to 2 years), the highest
strength was demonstrated for concrete cured at lower temperatures. The data presented in Figure 8 show
that for concrete curing at almost all tested temperatures, the strength is similar at age of about 40 days.

The increase in the compressive strength of concrete in the initial period of time (up to 7 days),
with an increase in the curing temperature, can be explained by the acceleration of the cement hydration
process [38]. However, as the results of the research [25] show, an increase in the rate of cement hydration
contributes to the formation of a weaker, more porous microstructure, which in effect results in lower
compressive strength after a longer curing period (over 28 days).
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Figure 8. Results of compressive strength tests of concrete cured at 12 ◦C, 20 ◦C, 30 ◦C and 40 ◦C.

Concrete cured at 12 ◦C and 20 ◦C achieved similar strength values at the age of 2 years
(about 130 MPa), while concrete made at 20 ◦C achieved this strength much faster. It can therefore
be concluded that a temperature of 20 ◦C is the most favourable, due to the increase in strength over time.
Decreased early concrete strength at low temperatures is also confirmed by the results of the research
presented, for example, in [22].

The results of penetration depth tests of the concrete samples cured at 12 ◦C, 20 ◦C and 30 ◦C showed
that no significant differences were observed in the values of this parameter (Figure 9) which is in the
9–11 mm range. The above shows a very high tightness of the tested concrete and indicates a properly
selected composition of the concrete mixture, including a tight particle size distribution.

Figure 9. Depth of penetration of water under pressure in concrete samples depending on the
curing temperature.

The high concrete tightness shown in the test for the depth of penetration of water under pressure
contributes to the durability of the concrete. This is confirmed by the results of the freeze–thaw durability
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tests carried out with two methods: the method according to PN-B-06250 and the method according to
EN-12390-9.

The results of concrete freeze–thaw durability tests using the method according to PN-B-06250 are
presented in Table 8. The tests have shown that, regardless of the concrete curing temperature (12 ◦C,
20 ◦C and 30 ◦C), this concrete can be classified as having the highest degree of freeze–thaw durability
(F300 according to PN-B-06250).

The HPC subjected to 300 freezing and thawing cycles shows no cracking or significant mass loss.
The decrease in compressive strength is highest for the concrete prepared at 12 ◦C (8.6%) and lowest for
the concrete prepared at 30 ◦C (1.7%). The reason for the observed phenomenon may be the fact that,
on the day of the beginning of freezing (28th day of maturation), the concrete samples curing at lower
temperatures had not yet obtained sufficiently high strength.

Table 8. Results of the tests of resisting of the concrete samples to cyclic freezing and thawing determined
by the method according to PN-B-06250.

Curing Temperature 12 ◦C 20 ◦C 30 ◦C

loss of mass of samples after the test (%) 0.01 0.00 0.03

decrease in strength of samples after the test (%) 8.6 4.3 1.7

The results of tests of resistance of the concrete samples matured at 12, 20 and 30 ◦C to cyclic freezing
and thawing in the presence of de-icing salt are shown in the table (Table 9).

Table 9. Results of the tests of resisting of the concrete samples to cyclic freezing and thawing in the
presence of de-icing salt (3% NaCl), cured at 12, 20, and 30 ◦C.

Curing Temperature
Average Value of the Sample Scaling Mass (kg/m2)

After 7 Cycles After 14 Cycles After 28 Cycles After 42 Cycles After 56 Cycles

12 ◦C 0.00 ± 0.02 0.00 ± 0.02 0.02 ± 0.02 0.02 ± 0.02 0.02 ± 0.02
20 ◦C 0.00 ± 0.02 0.02 ± 0.02 0.02 ± 0.02 0.04 ± 0.02 0.04 ± 0.02
30 ◦C 0.00 ± 0.02 0.02 ± 0.02 0.02 ± 0.02 0.04 ± 0.02 0.04 ± 0.02

The scaling masses under the influence of cyclical freezing and thawing of concrete with simultaneous
action of salt solution were minimal. Thus, the influence of the concrete curing temperature on the
freeze–thaw durability result of this method has not been demonstrated. At the same time, the assessment
according to the Borås criterion proves that the designed concrete is of very good quality, regardless of the
curing temperature applied.

5. Conclusions

HPC is increasingly used in civil engineering. The assessment of the influence of temperature on the
properties of concrete is particularly important because of the application of HPC concrete at both elevated
and lowered temperatures. This paper presents the results of research on the influence of ambient and
curing temperature on the properties of the concrete mixture and hardened HPC.

Consistency tests carried out using various methods have shown that HPC mixtures made at
different ambient temperatures (within the range of 12 ◦C to 30 ◦C) have extremely different consistencies.
The slump of the concrete mixture made at 20 ◦C (160 mm) was almost twice as high as at 12 ◦C (280 mm)
and almost five times lower than at 30 ◦C (20 mm). This dependence was demonstrated by keeping the
mixture ingredients for 72 h before executing the mixture at the assumed test temperature.
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The results of the fresh concrete mixture consistency tests confirm that the HPC mixture is very
sensitive to temperature increases. The reason for this could be the faster evaporation of water which,
combined with the low water–binder ratio, results in a clear decrease in workability. This effect is also
influenced by the acceleration of the cement hydration reaction. Losing workability of a concrete mixture at
elevated temperatures can significantly hinder its application. This is indicated by the results of consistency
tests as well as air content in the concrete mixture at 30 ◦C.

Temperature has been shown not to have a significant effect on properties, such as density,
water absorption, and depth of water penetration under pressure. The indicated parameters for the
concrete samples prepared at different temperatures differed slightly.

Compressive strength tests carried out over a period of 3 days to 2 years on concrete samples prepared
at temperatures of 12, 20, 30, and 40 ◦C showed that the rate of compressive strength growth increases with
increases in temperature. The concrete prepared at 40 ◦C reached 99 MPa after only three days (i.e., 91% of
the 28-day strength), while at 12 ◦C the concrete reached 74.5 MPa (i.e., 70% of the 28-day strength). This
confirms that at elevated temperatures the cement hydration rate increases, resulting in a faster increase in
concrete compressive strength in the first 28 days of curing.

After 28 days, the highest compressive strength was achieved by the concrete maturing at lower
temperatures. At the age of two years, concrete produced at temperatures of 12, 20, 30, and 40 ◦C reached
compressive strengths of 135.6, 134.8, 124.5, and 119.7 MPa, respectively.

As shown, an increase in the temperature of concrete curing results in a decrease in its compressive
strength after a long period of time, compared with concrete cured at lower temperatures. This may be
due to the fact that a faster rate of hydration results in hydration products with a more irregular structure
and higher porosity, which negatively affect compressive strength after a longer curing time.

The results of the freeze–thaw durability tests performed using the Polish standard method and the
‘’slab test” show that HPC is resistant to freeze–thaw. The decrease in compressive strength after 300
freezing and thawing cycles was relatively small and amounted to a maximum of 8.6%, compared with
samples not subjected to cyclic freezing and thawing, in the case of the concrete prepared at the lowest
temperature of 12 ◦C. For the concrete cured at 20 ◦C and 30 ◦C, the strength drop was 4.3% and 1.7%,
respectively. This may be due to the fact that, at the start of the test (28th day of curing), the concrete
stored at lower temperatures reached a lower compressive strength than the concrete stored at higher
temperatures.

The freeze–thaw durability tests in the presence of a NaCl solution showed minimal scaling of the
concrete surface, which is proof of very good freeze–thaw durability of the tested HPC, regardless of its
preparation temperature.

This study shows a significant influence of lowered and increased temperature on the properties of
the concrete mix and hardened HPC concrete, especially in terms of consistency and compressive strength.
This points to directions for further research, which should include studies of the rheological parameters of
the HPC concrete mix and its changes over time. Research aimed at demonstrating the influence of curing
temperature on the cement hydration process for binders used in HPC concrete (with a low water–binder
ratio) should also be carried out. Future research should include changes of hydrate phases over time.
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Abstract: Ultra-high performance fibre reinforced concrete (UHPFRC) is an innovative cement-based
engineering material. The mechanical properties of UHPFRC not only depend on the properties of the
concrete matrix and fibres, but also depend on the interaction between these two components. The fibre
distribution is affected by many factors and previous researchers had developed different approaches
to test the fibre distribution. This research adopted the non-destructive C-shape ferromagnetic probe
inductive test and investigated the straight steel fibre distribution of the UHPFRC plate. A simplified
characterization equation is introduced with an attenuation factor to consider the different plate
thicknesses. The effective testing depth of this probe was tested to be 24 mm. By applying this method,
fibre volume content and the fibre orientation angle can be calibrated for the entire plate. The fibre
volume content generally fulfilled the design requirement. The fibre orientation angle followed a
normal distribution, with a mean value of 45.60◦. By testing small flexural specimens cut from the
plates, it was found out that the mechanical performance (peak flexural strength) correlates with the
product of fibre volume content and cosine fibre orientation angle.

Keywords: C-shape magnetic probe test; fibre orientation angle; flexural test; attenuation factor

1. Introduction

Concrete has been the most significant construction material throughout history. Ultra-high
performance concrete (UHPC) was developed as a cementitious composite material with far higher
strength, durability, and resistance to external environments than traditional construction materials [1].
With the addition of fibres, the mechanical properties of ultra-high performance fibre reinforced
concrete (UHPFRC) can be further improved especially the performance under tensile loading [2].
Moreover, the resistance to impact, chemical degradation, abrasion, and fire can also be improved [3].
UHPFRC has been widely used in airports [4], bridges, roofs, and cladding [5].

Comparing to the ascending branch of the stress-strain curve, the fibre addition always has a
more significant impact on the cracking stage of UHPFRC. The fibre acts as a ‘bridge’ to bond the
separated cracked concrete matrix and then being pulled out gradually, which is also known as the
‘bridging effect’ [6]. It compensates for the disadvantage of UHPC of being too brittle. However, if the
fibres are distributed poorly inside concrete, for example, perpendicular to the loading direction,
the bridging effect will be adversely affected.

Many factors can influence the fibre distribution, for example, fibre volume fraction [7,8],
external vibration [9], and mixing sequence [10]. Previous researchers have developed various testing
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methods to test the fibre distribution inside the concrete matrix, for example, image analysis [10–12],
AC-IS (AC-Impedance Spectroscopy) [13–15], X-ray scanning [16,17], and the magnetic core inductive
method [18,19]. Compared to these testing methods, the C-shape ferromagnetic probe method is more
economical and convenient, so this method is chosen to be the detecting method in this research.

The C-shape ferromagnetic probe test was proposed by Faifer et al. [20]. However, the main
focus of their research was on the theoretical background modelling and derivation of the probe,
for example, the simulation of flux density of the probe [21]. The application of this probe was
also limited to the basic monitoring of fibre volume content and fibre orientation angle of steel fibre
reinforced concrete [21]. In 2016, Nunes et al. made a simple and cheap C-shaped ferrite core with
coils wound on it [22]. They further applied this testing method on thin UHPFRC plates. By placing
the probe on 300 mm × 300 mm × 30 mm specimens in different directions and testing the inductance,
the corresponding fibre distribution conditions can be identified. According to Nunes et al., a relative
magnetic permeability μr,mean, which reflects fibre content, can be calculated as:

μr,ϕ =
Lϕ

Lair
(1)

μr,(90◦−ϕ) =
L(90◦−ϕ)

Lair
(2)

μr,mean =
μr,ϕ + μr,(90◦−ϕ)

2
(3)

where Lϕ, L(90◦−ϕ), and Lair represent the magnetic inductance at ϕ, (90◦ − ϕ), and in the air.
The relationship between the orientation indicator ρΔ and the relative magnetic permeability can

be expressed as:

ρΔ = ρ(90◦−ϕ) − ρϕ =
μr,(90◦−ϕ) − μr,ϕ

2
(
μr,mean − 1

) (4)

Nune et al.’s later research was mainly emphasizing on the detection of uniformly distributed
UHPFRC by aligning the fibres with an intense magnetic field [23,24], but the intrinsic heterogeneity of
fibre distribution had been proved to largely affect the tensile response of fibre reinforced concrete [25].
Moreover, recent studies were mainly focusing on the relationship between fibre content and flexural
performance [26,27]. Therefore, both the local fibre spatial and orientation distribution should be taken
into consideration, but this area still needs further investigation.

In previous research, the magnetic probe method was only applied on thin plates. If this method
is going to be applied for the purpose of checking the structural safety, it is necessary to determine the
effective depth of the probe. In order to fill the gap, the effective depth of the magnetic probe was firstly
examined and an attenuation factor was obtained to further correct the fibre volume content data.
Apart from this, a simplified analytical solution was derived to determine the relationship between the
fibre orientation angle and orientation indicator. In addition, compressive tests and flexural tests had
been conducted and the correlated equation between mechanical performance and the tested fibre
distributions was derived. The corresponding theoretical explanation of strain-hardening behaviour
was clarified.

2. Material Preparation and Concrete Mixing

2.1. Materials and Specimen List

Premix powder material provided from third party company (Beirong Circular Materials Co., Ltd.,
Yingtan, Jiangxi, China) were used to ensure the concrete grade in each batch. The premix powders
contained the basic components needed for UHPFRC (cement, fine sand, silica fume, and quartz).
Straight steel fibres (as shown in Figure 1) covered with a brass coating were added in the mix.
The diameter and length of fibres were 0.25 mm and 12.5 mm respectively, given an aspect ratio of 50.
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The uniaxial tensile strength of the fibres can go up to 2850 MPa. Polycarboxylate superplasticizer was
added to ensure the workability. Detailed mix proportions are presented in Table 1.

 

Figure 1. Straight steel fibres used in research.

Table 1. Mix proportion for pre-mix ultra-high performance fibre reinforced concrete (UHPFRC; provided by
third party company).

Material Content (kg/m3)

Dry-Mix 2200
Water 192

Steel Fibre 0, 78, 156, 195 (for 0%, 1%, 2%, and 2.5% vol.)
Superplasticizer 20.5

Total 2413, 2491, 2569, 2608 (for 0%, 1%, 2%, and 2.5% vol.)

Table 2 lists the dimensions and casting purpose of all specimens. Cubes were used to determine
the compressive strength. Plates with different thicknesses were designed to detect the fibre orientation
and spatial distribution, and the following flexural performances.

Table 2. Specimen list and casting purpose for different types of specimens.

Shape Dimension (mm) Casting Purpose

Cube 100 × 100 × 100 Compressive test
Plate 500 × 500 × 15 Flexural test, Magnetic probe test
Plate 500 × 500 × 20 Flexural test, Magnetic probe test
Plate 500 × 500 × 35 Flexural test, Magnetic probe test
Plate 500 × 500 × 50 Flexural test, Magnetic probe test

2.2. Concrete Mixing Process and Curing Condition

Table 3 shows the suggested mixing procedure and mixing time provided from the supply
company. Considering the differences of the mixing environment and fibre amount, the mixing time
varied by ±30 s.

Table 3. Mixing procedure and time for premix UHPFRC.

Procedure Duration (min)

Mix Dry-Mix Material 1
Add Superplasticizer and 2/3 Water 6

Add 1/3 Water 3
Add Fibres 1

All the cube specimens were cast in three layers with minor hand vibration to expel the air trapped
in the fresh concrete. For plates, concrete was poured from the centre and let it flow freely towards the
four edges (see Figure 2). To avoid the segregation of fibres, no vibration was applied.
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Figure 2. Plate casting direction.

All the fresh concrete specimens were covered with a plastic film to prevent the early shrinkage
due to water evaporation. After 24 h of hardening, all specimens were demolded and moved to a
steam curing tank. The curing duration included 2 h for increasing the curing temperature to 90 ◦C
and then another 48 h constant curing at 90 ◦C.

3. C-Shape Magnetic Probe Test

3.1. Probe Specification

A magnetic probe was manufactured based on Nunes’ research [22]. The probe (Figure 3a) was
made of a high frequency inductive Mn-Zn ferrite core wrapped by 350 turns of 0.9 mm diameter
enameled copper wire, then tightened by black insulated rubber tape to protect the safety of users.
The ferrite core used in this research was 76 mm tall, 93 mm long, and 30 mm wide. Detailed dimensions
of the magnetic probe can be seen in Figure 3b.

  
(a) (b) 

Figure 3. (a) Appearance of the magnetic probe and (b) detailed dimensions of the ferrite core.

The inductive test was carried out after curing. The magnetic probe was placed on a smooth
surface of the UHPFRC specimen and connected with a LCR meter with two clips. Tonghui TH2830
LCR meter was used to measure the magnetic inductance under 1 kHz with a test signal of 1 V.
The variation of inductance of a single object was lower than ±0.01 mH under this testing condition.

3.2. Effective Depth Test Method

Non-ferromagnetic object like wood, plastic, and glass did not show any impact on the inductance
data. By placing 100 mm × 150 mm non-ferromagnetic acrylic plates (Figure 4a) with different
thicknesses (0, 2, 4, 8, 12, 15, 17, 20, 24, 28, 32, and 36 mm) between the specimens and the magnetic
probe (Figure 4b), the magnetic inductance data can be measured and the relative magnetic permeability
(RMP) μ can be calculated as:

μ =
L0

Lair
(5)
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where

L0 magnetic inductance when placing the magnetic probe directly on the specimen;
Lair magnetic inductance when placing the magnetic probe in the air and far from any conductive object.

  
(a) (b) 

Figure 4. (a) Acrylic plates used in the experiment and (b) experiment set up of an effective depth test.

However, since the initial relative magnetic permeability for each group was different, it was
difficult to reflect on how the relative magnetic permeability decayed with the increase of thickness.
Thus, an attenuation factor (AF) was introduced to describe the residual proportion of magnetic
permeability. It can be calculated as:

AFt =
μt − 1
μ0 − 1

× 100% (6)

where

μ0 magnetic permeability when placing the probe directly on the specimen;
μt magnetic permeability at thickness t.

3.3. Effective Depth Test Results

The effective depth testing was conducted on 2% and 2.5% vol. UHPFRC. In total, 4 points (2 points
for each group) were tested. Based on Equation (6), AF data of each testing point were calculated and
the results are shown in Table 4. The relative magnetic permeability decreased with the increase of plate
thickness. For specimens with lower fibre content, the relative magnetic permeability tended to drop
quicker. All groups of AF data dropped below 10% for depths greater than 24 mm. This proved that
the fibres 24 mm away from the testing surface had little effect on the relative magnetic permeability.

Table 4. Average attenuation factors calculated for each group.

t (mm) 2% vol.—A 2% vol.—B 2.5% vol.—A 2.5% vol.—B

0 100% 100% 100% 100%
2 75% 72% 77% 73%
4 57% 54% 57% 58%
8 40% 39% 39% 40%

12 23% 23% 24% 26%
15 19% 19% 16% 19%
17 14% 15% 13% 15%
20 10% 13% 12% 12%
24 6% 7% 7% 6%
32 3% 2% 4% 4%
36 3% 3% 3% 3%

The AF data presented in Figure 5 shows very similar exponential trends for all groups of testing
points. It proved that the fibres closer to the testing surface had a more significant effect on the relative
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magnetic permeability, especially within the top 6 mm of the testing surface. After the top 6 mm,
the AF dropped below 50%.
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Figure 5. Attenuation factors of 2% and 2.5% vol. specimens at different thicknesses.

To get a theoretical expression of this relationship, a curve fitting analysis was conducted using
MATLAB. The relationship between the testing depth and attenuation factor can be expressed by
Equation (7) with an R-squared value equal to 0.995.

AF = e−0.115 × t (7)

This test revealed the effective depth when using this particular probe. If any thin specimens are
going to be tested in the future, AF can be used for correcting and calculating the real fibre volume
content value.

3.4. Plate Test Method

The magnetic probe test of all the plates were tested right after finishing curing. The bottom
surfaces during casting were used as the testing surface as they were smooth and flat. Considering the
length of the magnetic probe was 93 mm, the 500 mm × 500 mm plates were labelled on a 9 × 9 grid
from A1 to I9 at equal distances of 50 mm (Figure 6a). A paper testing map (Figure 6b) with 81 points
highlighted in red was made to accurately locate the testing points.

  
(a) (b) 

Figure 6. Testing area divisions of the UHPFRC plate. (a) Schematic graph (unit: mm) and (b) practical
experimental design.

As shown in Figure 7, by placing the magnetic probe in two orthogonal directions (horizontally and
vertically), the spatial distribution and orientation distribution at each red point were measured.
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(a) (b) 

Figure 7. Testing directions. (a) Horizontal and (b) vertical.

The magnetic inductances of the red points in Figure 6 were recorded directly from the LCR meter.
In total, 81 data points were collected for each plate. Air inductance was labelled as Lair. The magnetic
inductance values measured in the horizontal and vertical directions were labelled as Lij,x and Lij,y.
All the magnetic inductance values were divided by the air inductance to get the relative magnetic
permeability μ.

The average of relative magnetic permeability measured in two orthogonal directions is the
indication of fibre volume content. Based on Equation (3), the average relative magnetic permeability
on each red point can be calculated as Equation (8). Symbols i and j are used to represent the point
location, e.g., μ11,x represents the horizontally measured relative magnetic permeability at the point on
the top left corner.

μij,ave =
μij,x + μij,y

2
(8)

3.5. Plate Test Results

3.5.1. Fibre Spatial Distribution

Detailed mean and standard deviation (STD) of relative magnetic permeabilities for all plates are
listed in Table 5. It can be seen that with the increase of fibre content, the relative magnetic permeability
also increased. Due to the limited testing depth, the magnetic permeability only increased with the
increase of plate thickness from 15 to 35 mm but no obvious difference between thicknesses from 35 to
50 mm.

Table 5. Mean and standard deviation (STD) of relative magnetic permeabilities of all plates.

Index Fibre Volume Content 15 mm 20 mm 35 mm 50 mm

Mean
1% 1.031 1.035 1.038 1.043
2% 1.059 1.060 1.074 1.075

2.5% 1.069 1.078 1.095 1.088

Standard
Deviation

1% 0.0004 0.0005 0.0002 0.0005
2% 0.0005 0.0006 0.0006 0.0012

2.5% 0.0016 0.0009 0.0008 0.0017

Combining the results from Table 5 and the results from Nunes et al. [22], a relationship between
fibre volume content and theoretical relative magnetic permeability μ can be derived as shown in
Figure 8. When fibre volume content is 0, the relative magnetic permeability value equals to 1,
which represents the magnetic permeability of air. The R-squared value of 0.9987 shows a nearly
perfect linear fitting.
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Figure 8. Relationship between fibre volume content and relative magnetic permeability.

Considering the effective depth of the magnetic probe, if relative magnetic permeability μtest was
obtained on a thin specimen, the attenuation factor should be applied to calculate the real fibre volume
content. The relationship between real relative magnetic permeability μr and fibre volume content Vf

is further developed into

μr =
μtest − 1
1−AFt

+ 1 (9)

μr = 0.0383 × Vf + 1 (10)

where AFt represents the attenuation factor when the specimen’s thickness is t. Combining
Equations (9) and (10), the corrected relationship can be expressed as:

Vf =
μtest − 1

0.0383× (1−AFt)
, (11)

By using Equation (11), real fibre volume contents can be derived and are indicated in Table 6.
For all the 1% vol. plates, the fibre content fulfilled the designed requirement. For 2% and 2.5% vol.,
some plates possessed lower fibre volume content than the designed value.

Table 6. Mean and STD of fibre volume content of all plates.

Index Fibre Volume Content 15 mm 20 mm 35 mm 50 mm

Mean
1% 1.0% 1.0% 1.0% 1.1%
2% 1.9% 1.7% 1.9% 2.0%

2.5% 2.2% 2.2% 2.5% 2.3%

Standard
Deviation

1% 0.013% 0.016% 0.006% 0.014%
2% 0.018% 0.018% 0.016% 0.030%

2.5% 0.052% 0.026% 0.020% 0.045%

With the increase of fibre volume content, the standard deviation also increased, which revealed
that fibre tended to distribute more non-uniformly. This effect was more severe with the 2.5% vol.
UHPFRC plates. A possible reason was the fibre balling or gathering effect. Although there were
variations within each plate, the differences were very small compared to the total fibre volume content.
Therefore, the plate can be considered almost uniformly spatially distributed.

The first coloured contour plot in Figure 9a describes the fibre distribution of all plates at a unified
scale. Colours ranging from blue to red represent the differences of fibre volume content. It can be seen
directly that plates 2%–20 mm and 2.5%–15 mm have a lower fibre volume content than the designed
fibre volume content. The detailed fibre distribution cannot be visualized, since the range of data
was too wide in the coloured contour plots. Thus, a greyscale contour plot is given in Figure 9b as a
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comparison. The darker shading indicates a lower fibre volume content. It can be seen that there was
no obvious fibre spatial distribution trend in the middle area of each plate, only the four boundaries
appeared to have a lower fibre volume content. This mainly results from the limitation of the testing
area (boundary effect).

Figure 9. Fibre volume content distribution of all plates. (a) With a scale as the fibre volume content in
percentage and (b) with a general non-unified scale.
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3.5.2. Fibre Orientation Distribution

Based on previous literature by Nunes et al. [22], the fibre orientation was expressed by an
orientation indicator ρΔ. The orientation indicator of the red points can be calculated as:

ρΔ =
μij,y − μij,x

2
(
μij, ave − 1

) (12)

Nunes et al. [22] found the orientation indicator had a sinusoidal relationship with the fibre
orientation angle, but an analytical expression between the fibre orientation angle and orientation
indicator ρΔ was not presented. Through further derivation, it was found that the orientation indicator
is a function of polynomial terms of cos(ϕ). For example, the full expression of orientation indicator
1% vol. UHPFRC in terms of the orientation angle ϕ according to Nunes et al. [22] can be expressed as:

ρΔ,1% =
−1076.68 cos6(ϕ) + 1615.03 cos4(ϕ) + 4.03× 107 cos2(ϕ) − 2.02× 107

(−0.96 cos6(ϕ) + 5.68× 105 cos4(ϕ) − 5.68× 105 cos2(ϕ)

−6.41× 107 + 0.48 cos2(ϕ))

(13)

After numerical analysis, only the constant terms and the cos2(ϕ) term on the numerator were
found to be critical to the value of fibre orientation indicator ρΔ. Therefore, Equation (13) can be further
simplified to:

ρΔ,1% ≈ −0.63 × cos2(ϕ) + 0.315 = 0.315× cos(2ϕ) (14)

Figure 10a shows the comparison between the original fibre orientation indicator calculated using
Equation (13) and the simplified orientation indicator calculated using Equation (14). No obvious
difference can be observed from 0 to 90◦. Therefore, the original equation can be replaced with the
simplified equation. There also works with other fibre volume percentages.

Figure 10. Relationship between fibre orientation angle (unit: degree) and fibre orientation indicator.
(a) Comparison between simplified and original equation and (b) comparison between different
fibre content.

The relationship for other fibre percentage is approximately equal (≈) to:

ρΔ,2% ≈ −0.299× cos(2ϕ) (15)

ρΔ,3% ≈ −0.297 × cos(2ϕ) (16)

ρΔ,4% ≈ −0.282 × cos(2ϕ) (17)
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This relationship was drawn in Figure 10b. It can be seen that the fibre volume content did not
have a significant effect on the fibre orientation indicator, especially when the fibre orientation angle
was around 45◦. Generally, the fibre orientation indicator can be expressed as:

ρΔ = a × cos(2ϕ) (18)

where the fibre orientation indicator coefficient slightly ranges around −0.3 depending on the fibre
volume content.

By using Equation (18), the fibre orientation distributions can be characterized. Figure 11 shows
the fibre orientation distribution of all plates. Instead of contour plots, the fibre orientation angle is
represented by dots in different colours. The fibre orientation ranged from 0 to 90◦ from the horizontal
axis. It can be seen that fibres tended to orient at 0◦ at the top and bottom boundaries, while orienting
at 90◦ along the left and right boundaries. There are two possible explanations: firstly, fibre tends to
align their orientation to the mould due to the wall effect of the plate mould boundary; and secondly,
fibre contents at the four boundaries were lower compared to other parts, which resulted from the
testing method. The vertical testing value at the top and bottom points and the horizontal testing value
at the furthest left and right points were lower.

Figure 11. Fibre orientation angle distribution of all plates.

Figure 12 shows the distribution of fibre orientation angle based on 972 (9 × 9 × 12) sample
points. It can be seen from the graph that under this specific casting method, the distribution of
the fibre orientation angle generally follows a normal distribution and most fibres orient at an angle
between 40◦ and 50◦. The normal distribution function was calculated based on the mean and standard
deviation values of fibre orientation angle, which can be represented as:

f(ϕ) =
1√
2πσ

exp

⎛⎜⎜⎜⎜⎝ (ϕ− ζ)2

2σ2

⎞⎟⎟⎟⎟⎠ (19)
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where the mean value σ = 45.60◦ and standard deviation ζ = 15.32◦.

Figure 12. Distribution of fibre orientation angles.

Detailed mean and STD value of fibre orientation angles can be seen in Table 7. The increase of
fibre content and fibre distribution do not have a direct relationship with the fibre orientation angle.
Due to the wall effect, the coefficient of variance for the fibre orientation angle was higher comparing
to the fibre volume content.

Table 7. Mean and STD of fibre orientation angles of all plates.

Index Fibre Volume Content 15 mm 20 mm 35 mm 50 mm

Mean
1% 43 43 45 41
2% 48 46 54 51

2.5% 51 48 43 35

Standard
Deviation

1% 2.8 3.1 3.0 2.6
2% 2.2 2.4 4.0 3.0

2.5% 2.0 1.2 3.3 3.7

4. Mechanical Test Results

4.1. Compressive Test

The compressive test was carried out on 0, 1%, 2%, and 2.5% specimens 5 days after curing.
Six specimens were tested from each group. With the increase of fibre content, the compressive strength
steadily increased in an almost linear trend. Detailed compressive test results can be seen in Table 8.

Table 8. Compressive strength of different groups of 100 mm cube specimens.

Fibre Volume Content Average STD COV

0 87.8 4.7 5.4%
1% 134.1 5.3 4.0%
2% 141.4 4.4 3.1%

2.5% 149.5 5.4 3.6%

4.2. Flexural Test

All the 500 mm × 500 mm × 15 mm, 500 mm × 500 mm × 20 mm, 500 mm × 500 mm × 35 mm,
and 500 mm × 500 mm × 50 mm plates were firstly cut into four sections by water blade to maintain the
accuracy of dimension (Figure 13a,b). Then, the 250 mm × 250 mm × 15 mm, 250 mm × 250 mm × 20 mm,
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250 mm× 50 mm× 35 mm,and250mm×250mm×50mmplateswerefurthercutinto200 mm× 50 mm× 15 mm,
200 mm× 50 mm× 20 mm, 200 mm× 50 mm× 35 mm, and 200 mm× 50 mm× 50 mm. The detailed cutting
scheme can be seen in Figure 13c. Beam No. 1–8 were tested in this research.

Figure 13. Concrete plate cutting. (a) Water blade cutting; (b) concrete plate after cutting;
and (c) schematic graph.

The flexural test were conducted 5–7 days after curing. The experiment was carried out on a 3-ton
universal testing machine at a constant deflection control speed of 0.3 mm/min. Taking a 15 mm thick
beam as an example, the three-point bending test setup can be seen in Figure 14. The effective span
was 150 mm. The experiment was terminated once the load dropped below 50% of the peak load.
The displacement movement of the machine was used to plot the load–displacement diagram

Figure 14. Three-point bending test for the UHPFRC beam. (a) Schematic graph (unit: mm) and
(b) experimental set-up.

The flexural strength for a three-point bending test can be calculated from Equations (20) to (22).

M =
Ff × L

4
(20)

W =
BH2

6
(21)

ff =
M
W

(22)

where

Ff peak flexural load;
L distance between support and the nearby loading point;
M external moment;
W section modulus;
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B width of the beam cross section;
H height of the beam cross section;
ff flexural strength.

Average first crack flexural strength and peak flexural strength of eight beams of each plate can be
seen in Table 9. The merged cell on the right side shows the average value of four plates. For UHPC,
no micro or macrocracks were observed before reaching peak load. The first crack strength equalled
the peak flexural strength.

Table 9. First crack flexural strength and peak flexural strength (unit: MPa).

Fibre Volume Content—Thickness First Crack Flexural Strength Peak Flexural Strength

0–15 20.0

18.5

20.0

18.5
0–20 18.6 18.6
0–35 15.0 15.0
0–50 20.3 20.3

1%–15 15.1

16.3

16.0

17.4
1%–20 13.9 16.0
1%–35 20.2 21.0
1%–50 15.8 16.6

2%–15 18.5

18.6

22.4

22.6
2%–20 16.8 21.4
2%–35 19.6 25.0
2%–50 19.4 21.8

2.5%–15 18.0

17.9

22.2

22.6
2.5%–20 16.2 20.9
2.5%–35 18.3 24.1
2.5%–50 18.9 23.1

5. Correlation between Magnetic Probe Test and Mechanical Test

To correlate the results between the fibre distribution test and the mechanical test for each beam,
the relative inductance values of the blue points in Figure 13c are also needed. The value is derived
from the nearby two red points. For the blue points of Beams 1–4, the average relative magnetic
permeability can be expressed as:

μij, ave =
μij,x + μij,y + μi(j+1),x + μi(j+1),y

4
(23)

For Beams 5–8, it can be calculated by:

μij, ave =
μij,x + μij,y + μ(i+1)j,x + μ(i+1)j,y

4
(24)

For the red points in Figure 13c, the fibre orientation indicator can be calculated straightly using
Equation (12). For the blue points, the orientation indicator can be derived from the nearby two red
points. For the blue points on Beams 1–4, the orientation indicator ρΔ can be derived as:

ρΔ =
μij,y + μi(j+1),y − μij,x − μi(j+1),x

μij,y + μi(j+1),y + μij,x + μi(j+1),x − 4
(25)

ρΔ =
μij,y + μ(i+1)j,y − μij,x − μ(i+1)j,x

μij,y + μ(i+1)j,y + μij,x + μ(i+1)j,x − 4
(26)

Figure 15 shows four typical load-deflection curves for 1% and 2% vol. UHPFRC.
Both load-softening and load-hardening behaviours can be observed. Statistically, only 9 out of
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32 1% vol. UHPFRC beams had obvious strain hardening behaviour. For 2% vol. UHPFRC, 27 out of
32 beams had load-hardening behaviour after the first crack. For 2.5% vol. UHPFRC beams, 29 out of
31 beams had load-hardening performance.

 
(a) (b) 

 
(c) (d) 

Figure 15. Load–deflection curves for 200 mm × 50 mm × 20 mm UHPFRC beams. (a) 1%-15-s6;
(b) 1%-15-s4; (c) 2%-20-s8; and (d) 2%-20-s5.

Apart from the tensile property of the UHPC matrix, both the fibre orientation and fibre volume
content can determine whether the beam performs a load-hardening behaviour or not. Initially in the
uniaxial tensile test, fibres were fully bonded, and the tensile load was mainly carried by the concrete
matrix. Thus, the first crack tensile strength mainly depended on the tensile properties of the concrete
matrix, which agrees with previous researchers [28,29]. After the concrete cracks, concrete hardly
sustained any loads, but fibres were not pulled-out yet due to the static frictional force τ between
fibres and the concrete matrix. With the increase of uniaxial tensile load, the static frictional force
also increased. Whether the beam had a load-hardening or load-softening performance depends on
whether the whole fibre–concrete interfaces can provide enough frictional force, while the frictional
force is related to the roughness of the interface, number of fibres (fibre volume content), and effective
embedment length (fibre orientation). As can be seen in Figure 16, the effective static frictional force
fst,eff carried by one fibre can be estimated as:

fst = π× df × lem × τ (27)

fst,eff = fst × cosϕ = π× df × lem × τ× cosϕ (28)
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where

fst static frictional force;
fst,eff effective static frictional force;
df fibre diameter;
lem effective embedment length;
τ static frictional strength;
ϕ fibre orientation angle.

Figure 16. Effective embedment length of fibres inside the concrete matrix in the uniaxial tensile test in
fibre activation stage.

The total effective static frictional force fst,n can be calculated as:

fst,n = fst,eff × nf = π× df × lem × τ× cosϕ× nf (29)

Assuming the static frictional strength is constant in Equation (29), it can be seen that the total
effective static frictional force has a linear relationship with Vf cos(ϕ) and number of fibres across
the crack plane. Figure 17 shows the relationship between Vf cos(ϕ) and the peak flexural strength.
For 1% UHPFRC, there is no obvious trend, mainly owing to the insufficient frictional force to support
load-hardening performance, therefore, the peak flexural strength was determined by the properties
of the concrete matrix. A linear relationship can be found for 2% and 2.5% UHPFRC. If the concrete
matrix w consistent, the relationship between the uniaxial tensile strength ft,ϕ1, ft,ϕ2 at different fibre
orientation angles ϕ1, ϕ2 can be calculated as:

ft,ϕ1

cos(ϕ1) ×Vf1
=

ft,ϕ2

cos(ϕ2) ×Vf2
(30)
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Figure 17. Relationship between Vf × cos(ϕ) and peak flexural strength. (a) 1% vol. UHPFRC;
(b) 2% vol. UHPFRC; and (c) 2.5% vol. UHPFRC.

6. Conclusions

This research focused on investigating fibre distribution of UHPFRC using C-shape magnetic
probe. The following conclusions can be drawn.

• The effective testing depth of the C-shape magnetic probe was firstly determined by curve
fitting analysis using MATLAB. An exponential equation was derived to alter the relative
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magnetic permeability value, and to correlate with the real fibre volume content for elements with
different thicknesses.

• The magnetic permeability appeared to be linearly correlated with fibre volume content. With the
increase of fibre volume content, the standard deviation of magnetic permeability also increased,
which revealed a more non-uniform distribution of fibres.

• The analytical solution for deriving the fibre orientation indicator based on fibre orientation angle
was derived. A fibre orientation indicator coefficient a was determined to be around −0.3.

• With a low fibre amount or large fibre orientation angle, the peak flexural strength and uniaxial
tensile strength were more related to the tensile property of the concrete matrix. No strain
hardening behaviour occurred after concrete cracks.

• With a high fibre amount or a small fibre orientation angle, the peak flexural strength and uniaxial
tensile strength were closely affected by the static frictional force between the concrete matrix and
fibres. Thus, strain hardening behaviour occurred. Results show that the uniaxial tensile strength
had a linear relationship with the Vf cos(ϕ) value.
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Abstract: Compared with normal strength concrete (NSC), ultra-high-performance steel
fiber-reinforced concrete (UHPFRC) shows superior performance. The concrete damage plasticity
(CDP) model in ABAQUS can predict the mechanical properties of UHPFRC components well
after calibration. However, the simulation of the whole structure is seriously restricted by the
computational capability. In this study, a novel multi-scale modeling strategy for UHPFRC structure
was proposed, which used a calibrated CDP model. A novel combined multi-point constraint (CMPC)
was established by the simultaneous equations of displacement coordination and energy balance in
different degrees of freedom of interface nodes. The advantage is to eliminate the problem of the
tangential over-constraint of displacement coordination equation at the interface and to avoid stress
iteration of the energy balance equation in the plastic stage. The expressions of CMPC equations of
typical multi-scale interface connection were derived. The multi-scale models of UHPFRC components
under several load cases were established. The results show that the proposed strategy can well predict
the strain distribution and damage distribution of UHPFRC while significantly reducing the number
of model elements and improving the computational efficiency. This study provides an accurate and
efficient finite element modeling strategy for the design and analysis of UHPFRC structures.

Keywords: ultra-high-performance steel fiber-reinforced concrete; multiscale finite element modeling;
multi-point constraint; multi-scale interface connection; concrete damage plasticity model; ABAQUS

1. Introduction

Concrete is currently the most widely used building material. Although many structures are
built with concrete, the use of normal strength concrete (NSC) still has some limitations, such as
low tensile strength and low ductility. Improving the mechanical properties of concrete to obtain
higher strength and higher ductility has been widely of concern. Ultra-high-performance steel fiber
concrete (UHPFRC) is a new type of fiber concrete, with high strength, fracture toughness, and ductility.
Its compressive strength and tensile strength are generally over 150 MPa and 7 MPa, respectively [1–5],
and even the tensile strength can reach 15 MPa [6]. Ultra-high-performance concrete has been
applied and investigated in many kinds of engineering structures, such as concrete structures [7–9],
seismic design [10,11], etc. For the material level, numbers of studies have been conducted on
the influence of fiber types, fiber orientations, geometric shapes, dosages, and other factors on the
mechanical properties of ultra-high-performance concrete [12–19]. Numerous experimental studies
have been carried out on high-performance concrete components, which include full-size prestressed
beams [20–22], reinforced beams [23–26], columns [27], slabs [28], etc.
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Extensive tests are required at the material and structural levels in order to develop standard
analytical procedures and design specifications for UHPFRC, which will take a lot of time and cost.
Therefore, verifying the concrete material models in the existing finite element software by conducting
a limited number of well-formulated tests on the material and structure levels is a way to save time
and cost. The verified concrete material model and finite element modeling method can be used to
establish extended analysis of various design parameters. In addition, the influences of changes in
geometry, load cases, and reinforcement on mechanical properties of UHPFRC can be investigated.
The finite element software ABAQUS is equipped with the concrete damage plasticity (CDP) model
developed for NSC, which is a mature and reliable tool for predicting the mechanical behavior of
NSC [29–31]. Compared with NSC, the material properties of UHPFRC have higher tensile strength
and ductility, which makes the shape of a material constitutive curve substantially different from NSC.
In order for CDP model to be used to simulate UHPFRC, the parameters of CDP model need to be
calibrated. Tysmans et al. [32] used CDP model to simulate the behavior of high-performance fiber
concrete composites under biaxial tension. Mahmud et al. [33] and Singh et al. [34] calibrated the CDP
model through the UHPFRC material test and used the calibrated model to simulate the test results of
the UHPFRC beam [24]. It was reported that the calibrated CDP model can accurately and effectively
predict the load-displacement curves and plastic damage distributions of UHPFRC components.

Similar to the investigations of NSC, the investigations of UHPFRC need to be developed to the
structural level as well as the material and component level. However, it is very expensive to establish
a full-scale structural test, which is seriously restricted by the test conditions. When the calibrated
CDP model is used to simulate a single UHPFRC component, the reduction of mesh size and the
increase of number of elements will significantly increase the calculation time, while larger mesh size
will lead to convergence problems [34]. Therefore, it is difficult to use solid elements to simulate all of
the UHPFRC of the whole structure. Fortunately, the multi-scale finite element simulation strategy
can solve this problem. The simulation strategy uses solid elements to simulate the key parts of the
structure that need to be paid attention to, and adopts the macro-scale elements such as truss or
beam elements for the other parts. Its advantage is to use limited computing resources to ensure the
requirements for simulation accuracy and to improve computational efficiency. So the simulation
strategy has been well applied in structural failure analysis, seismic design, optimization of structural
system, etc. [35–39]. The key problem of the multi-scale finite element simulation strategy is to establish
an accurate interface-coupling constraint relationship, so as to ensure the scientific and reasonable
coordination between different scale elements. The multi-point constraint method is based on the
relations of displacement coordination [40] or energy balance [41] between macro-scale and micro-scale
elements at the interface, and the constraint equations containing the degrees of freedom of nodes of
different scale elements are established at the interface [42,43]. However, a single multi-point constraint
relation has the limitation that the stress state and deformation of the connection interface appear
distorted after the material enters the plastic stage [44].

In order to promote the development of finite element simulation of UHPFRC structure, a novel
multi-scale finite element modeling strategy was proposed in this study. A novel combined multi-point
constraint (CMPC) based on displacement coordination and energy balance was established, aiming at
the problems of the tangential over-constraint and the requirements for nonlinear stress iteration
existing in the single multi-point constraint method. The nonlinear constitutive relationship of
UHPFRC is considered. The multi-scale models of UHPFRC components under various load cases
were established in the finite element software ABAQUS. The comparative analysis results show
that the proposed multi-scale modeling strategy can well predict the strain distribution and damage
distribution of UHPFRC components while significantly reducing the number of model elements and
improving the computational efficiency. This study provides an accurate and efficient finite element
modeling strategy for the design and analysis of UHPFRC structure, which can promote the application
and development of UHPFRC in the construction industry.
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2. Multi-Scale Modeling Strategy—Material Models

2.1. Calibrated Concrete Damage Plasticity (CDP) Model

The concrete damage plasticity (CDP) model is a concrete material model for NSC in the finite
element software ABAQUS. It is a mature and reliable tool for predicting the mechanical behavior of
NSC [29–31]. In order for CDP model to be used to simulate UHPFRC, the CDP model needs to be
calibrated. Some studies have shown that the calibrated CDP model can accurately and effectively
predict the mechanics characteristic of UHPFRC. In this study, the stress-strain curve for UHPFRC
in compression proposed by Singh et al. [34], modified from Lu et al. [45], is used to calculate the
data of compressive behavior in the CDP model. The stress-strain curve of UHPFRC specimen of
the uniaxial tension test [34] is used to define the tensile behavior in the CDP model. The curves of
compression damage and tension damage in the CDP model are defined according to the studies
in [33,46], respectively. The parameters of the CDP model adopted in this study are shown in Table 1.

Table 1. Parameters of the concrete damage plasticity (CDP) model of ultra-high-performance
fiber-reinforced concrete (UHPFRC).

Model Name Young’s Modulus
Compressive

Strength
Tension Yield

Stress
Tension Peak Stress

CDP 36.3 GPa 140 MPa 4.6 MPa 5.8 MPa

Dilation angle Eccentricity f b0/f c0 kc Viscosity Parameter

30 0.1 1.05 2/3 0.005

2.2. Validation of the Model

2.2.1. Test Specimens

In this study, the UHPFRC beams named as B25-1 and B25-2 [34] are chosen for the validation
analysis. The cross section, spans, loading configuration details and reinforcement detail of the all
the beams are given in Table 2, where the tensile reinforcement consisted of 20 mm diameter rebar
with a yield strength and ultimate strength of 525 and 625 MPa, respectively. The four point bending
test applies the same concentrated load symmetrically at a distance of 250 mm from the middle of the
beams, resulting in pure bending stresses between the load points.

Table 2. Specimens details. [34].

Specimen Name
Cross Section

(mm)
Effective Span

(mm)
Loading

Condition
Length of the Midspan
without Stirrup (mm)

B25-1 & B25-2 250 × 250 3250 Four point bending 500

Top rebar diameter (mm) Top rebar number Bottom rebar
diameter (mm)

Bottom rebar
number

Stirrup diameter and
spacing (mm)

10 2 20 3 D10@90

2.2.2. Finite Element Analysis (FEA) Model

According to the design diagram of UHPFRC beam specimen and the design of loading device,
the corresponding finite element model of the test was established in ABAQUS with mesh size of
25 mm. The details of the reinforcement, mesh and load boundary condition of the finite element
(FE) model are shown in Figure 1. The parameters of the CDP model adopted for the UHPFRC solid
elements are shown in Table 1.
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(a) 

(b) 

(c) 

Figure 1. FE model of ultra-high-performance fiber-reinforced concrete (UHPFRC) beam test.
(a) Reinforcement detail; (b) Mesh details; (c) Load boundary condition.

2.2.3. Results of FEA Simulation and Test

The test results and simulation results of the four point bending test of the two UHPFRC specimens
are shown in Figure 2, where (a) is the relation curve between the mid-span displacement of the
beam and the external load, (b) is the failure pattern of the specimen B25-1, and (c) is the tension
damage distribution of UHPFRC in the finite element model. It can be seen that the finite element
model can simulate the whole entire load-displacement curve, including the descending section after
yielding. The finite element simulation results are in good agreement with the experimental results.
The test results and the finite element results of peak load and corresponding displacement of UHPFRC
specimens are shown in Table 3. The ultimate load capacity of specimens B25-1 and B25-2 predicted by
the finite element model is 3% and 6% higher than the test results, respectively. It can be seen from
Figure 2a,b, the damage distribution simulated by the finite element model is similar to the crack
distribution of the specimen. Meanwhile, the validity of the parameters selected of the FEA model in
this paper is proved so the FEA model with the same parameters can be taken as the standard for the
extended study.

Table 3. Comparison of the FE model results with test results.

Specimen
Name

Peak Load (kN) Relative
Error

Peak Displacement (mm)
Relative

ErrorFE Model Test FE Model Test

B25-1 174 172 1.16% 40 59 −32%

B25-2 174 167 4.19% 40 39 2.56%
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(a) 

 
(b) 

 
(c) 

Figure 2. Test results and simulation results of beam test. (a) Load-displacement curve; (b) failure
pattern of the specimen B25-1; (c) Tension damage distribution of UHPFRC in the FE model.

3. Multi-Scale Modeling Strategy—Interface Connection

3.1. Combined Multi-Point Constraint (CMPC) of Multi-Scale Model

3.1.1. Combine Multi-Point Constraint Relations

In the multi-scale model, the interface connection of different scale elements can be established
by the constraint equations according to the degrees of freedom of interface nodes. The sketch of
the interface connection of multi-scale model shown in Figure 3, where Si (i = 1, 2, 3 . . . .) signifies
micro element nodes with 3 degrees of freedom and B signifies macro element node with 6 degrees
of freedom.
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Figure 3. Sketch of the interface connection.

According to the coupling relation of degrees of freedom of nodes, the unified form of the
constraint equations of the multi-scale interface connection is as follows:

c(uB, uSi ) = uB − CuSi = 0 (1)

where uB is the displacement vector of macro elements at the interface; uSi is the displacement vector
of micro elements at the interface; C is the coefficient matrix of interface constraint equations.

The accuracy of multi-scale simulation depends on the rationality of coefficient matrix C. If the
constraint equations can effectively simulate the actual deformation coordination, a better effect of the
coupling can be obtained.

The solution of multi-point constraint equations is usually based on the single constraint relation
such as displacement coordination [40] or energy balance [41]. For the multi-scale simulation of
UHPFRC structure, due to the nonlinear characteristics of the interface stress and deformation relation
in the plastic stage, a single multi-point constraint method will lead to the over-constraint in tangential
direction and the requirement of stress iteration in plastic stage. Therefore, the combined multi-point
constraint (CMPC) is established in this study through the simultaneous equations of displacement
coordination and energy balance. The equations form are as follows:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

u1Si − f1i(u1B, u5B, u6B, bi, hi) = 0
F2u2B =

∫
A
σ2i,F2u2SidA

F3u3B =
∫
A
σ3i,F3u3SidA

F4u4B =
∫
A
(σ2i,F4u2Si + σ3i,F4u3Si)dA

(2)

where u1Si is the axial displacement of the node i of the micro element; u2Si, u3Si are the tangential
displacements of the node i of the micro element; u1B is the axial displacement of the macro element
node; u2B, u3B are the tangential displacements of the macro element node; u4B, u5B, u6B are the angular
displacements of macro element node; Fj is the nodal force of macro element in the direction j; bi, hi are
the distances from the node i of the micro element to the macro element node; σi2,Fj, σi3,Fj are the nodal
tangential stress of the node i of the micro element caused by Fj.

In the Equation set (2), the first equation is the axial and rotational constraint equation, which is
established by displacement coordination. The last three equations are tangential constraint equations,
which are established by energy balance. The aim is to eliminate the limitation of the single constraint
relation in the plastic stage and improve the simulation accuracy of the multi-scale model.
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3.1.2. Constraint of the Interface in Tangential Direction

Based on the multi-point constraint relation of displacement coordination, the tangential
deformations of all micro element node at the interface are assumed to be consistent, and the
displacement constraint relation of each node is established one by one. The deformation diagrams
of displacement coordination are shown in Figure 4, and the constraint equations can be obtained
as follows:

u2Si − f2i(u2B, u4B, bi, hi) = 0
u3Si − f3i(u3B, u4B, bi, hi) = 0

(3)

In the equations, tangential displacements (u2Si, u3Si) of the micro element node are calculated from
u2B, u3B and u4B. There is no coupling relation between the degrees of freedom of different nodes of
micro elements. Under this condition, when there is no nonzero tangential displacement or rotational
displacement of macro element node, the tangential displacement of each node of micro elements
along the interface is zero. It leads to the problem of over-constraint in tangential direction at the
interface under the axial compression load.

u u u
θ

w

u

 

(a) (b) 

Figure 4. Deformation diagram of displacement coordination. (a) Tangential direction;
(b) Rotational direction.

In the CMPC equation set, the displacement constraint equation in the tangential direction of the
interface nodes can be obtained after the stress is eliminated by substituting the formula for the shear
stress distribution:

uB = f2(uS1, uS2 · · · uSn) (4)

where, the tangential displacements of each micro element node have a coupling relation with each
other. When the tangential displacement of macro element node is zero, it can generate the relative
displacements among micro element nodes and satisfy the constraint equation. The tangential
deformation diagram of CMPC under the axial compression is shown in Figure 5.

NF

u

 
Figure 5. Tangential deformation diagram of CMPC under the axial compression.

The interface deformation under axial compression at the plasticity stage of the multi-scale model
is shown in Figure 6. According to the Poisson ratio of UHPFRC, the uniform longitudinal stress
causes the transverse strain of the section. And there is obvious transverse expansion deformation
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in the middle of the micro element model. The micro element nodes at the interface of displacement
coordination model only produce vertical displacement with the macro element node with no tangential
displacement, which is over-constraint compared with the micro model. The CMPC equation eliminates
the over-constraint in tangential direction at the interface and conforms to the deformation relation of
the interface nodes under the actual stress state.

w

u

(a) (b) (c) 

Figure 6. Interface deformation under axial compression. (a) Micro element model; (b) Multi-scale
model of displacement coordination; (c) Multi-scale model of CPMC.

3.1.3. Constraint of the Interface in Rotational Direction

The multi-point constraint relation based on energy balance is established by the virtual work
principle. It is assumed that the nodal force of the macro element and the nodal forces of the micro
elements do equal work at the interface in the rotational direction. The equation is as follows:

F5u5B =
∫
A
σ1i,F5u1SidA

F6u6B =
∫
A
σ1i,F6u1SidA

(5)

By substituting the formula for stress distribution under bending moment, the displacement constraint
equation in rotational direction of the interface nodes can be obtained. Its precision depends on the
rationality of the stress distribution of the stress formula.

The normal stress distribution of UHPFRC section under bending moment is shown in Figure 7.
As in other studies [33,47], the stress distribution of UHPFRC section has underwent different stages.
The first stage is the linear-elastic stage, in which the fiber and matrix show elasticity and the stress
distribution is linear. With the increase of load, due to the strong bond between the high strength steel
fiber and the matrix, the macro crack begins to expand slowly. The strain hardening phenomenon
occurred is different from that of NSC, and the tensile stress is nonlinear distributed. This stage is
called strain hardening stage and the formula for stress distribution in linear-elastic stage is no longer
applicable. If the formula is not updated iteratively, the multi-point constraint equation at the interface
based on energy balance will be distorted in the rotational direction in strain hardening stage.
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Figure 7. Stress distribution under bending moment. (a) Linear-elastic stage; (b) Strain hardening stage.

The CMPC method establishes the multi-point constraint equation of the interface in rotational
direction based on the displacement coordination. The axial displacement of each node of the micro
elements can be obtained through the s constraint equation (see the first equation in Equation set (2)).
After entering the strain-hardening stage, this multi-point constraint equation avoids the problem
that the formula for stress distribution needs to be updated iteratively. Therefore, the CMPC method
proposed in this paper combines the advantages of displacement coordination method and energy
balance method. The multi-point constraint equations conform to the transfer relations of displacement
and stress between the interface nodes. It can achieve good constraint effect in axial, tangential, and
rotational directions. It is applicable to the analysis of UHPFRC components under complex loads.

3.2. CMPC Equations of Multi-Scale Connection of Beam-Solid Element

According to Equation set (2), displacement vector [uB vB wB θx θy θz ] of beam element

and displacement vector
[

uSi vSi wSi
]

of solid element are substituted, and the multi-point
constraint equations can be expressed as:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

wSi − fi
(
wB,θx,θy, Rxi, Ryi

)
= 0

FxuB =
∫
A
τxiuSidA

FyvB =
∫
A
τyivSidA

Tθz =
∫
A
(τxiuSi + τyivSi)dA

(6)

where Rxi, Ryi are the distances between the node i of the solid element and the beam element node
at the interface in the x and y direction, respectively; Fx, Fy are the shear forces acting on the beam
element node in the x and y direction, respectively; T is the torque acting on the beam element node;
τxi, τyi are the shear stresses of the node i of the solid element in the x and y direction, respectively.
The multi-scale connection of beam - solid element is shown in Figure 8.

Figure 8. Multi-scale connection of beam - solid element.

In the Equation set (6), the first equation is the constraint equation of axial and rotational
displacement, which can be solved according to the displacement coordination. The last three
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equations are the constraint equations of tangential displacements, which need to be solved by
substituting the formula for stress distribution. For example, the formula for shear stress distribution
of the rectangular section in the y direction is as follows:

τyi =
3Fy

2bh

⎛⎜⎜⎜⎜⎝1− 4Ryi
2

h2

⎞⎟⎟⎟⎟⎠ (7)

where b and h are the width and height of the rectangular section, respectively.
After solving the Equation set (6), the following can be obtained:

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩
wSi = wB + Rxi sinθy + Ryi sinθx

uB = Cu1u1 + Cu2u2 + · · ·+ Cunun

vB = Cv1v1 + Cv2v2 + · · ·+ Cvnvn

θZ = (u1Ry1 + · · ·+ unRyn) − (v1Rx1 + · · ·+ v2Rx2)

(8)

where Cui, Cvi are the influence coefficients of the tangential displacements related to the section size
and node position. An example of the Equation set (8) is given in Appendix A.

4. Multi-Scale Models of Ultra-High-Performance Steel Fiber-Reinforced Concrete

4.1. Multi-Scale Models Built-Up

The CMPC multi-scale modeling strategy with the same parameters selected above is adopted to
establish the multi-scale models of reinforced UHPFRC components, as shown in Figures 9 and 10.
Where (a) is the solid element model taken as the standard for comparison without experimental results,
and (b), (c) and (d) are the multi-scale models of beam-solid element, whose interface connections
are established by the displacement coordination method, the energy balance method and the CMPC
method (Section 3.2. for the expressions) respectively. The height of the component is 3m, and the
section size is 0.4 m × 0.4 m. The multi-scale interface is located at 1/3 height of the component with
the height of 3 m. The parameters of the CDP model adopted for the UHPFRC solid elements are
shown in Table 1.

(a) (b) (c) (d) 

Figure 9. UHPFRC parts of the models. (a) Solid element model; (b) Displacement coordination model;
(c) Energy balance model; (d) CMPC model.
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(a) (b) (c) (d) 

Figure 10. Reinforcement parts of the models. (a) Solid element model; (b) Displacement coordination
model; (c) Energy balance model; (d) CMPC model.

In the micro element model, C3D8R elements are used to model UHPFRC with the calibrated CDP
model which is the same as that in the second section. The reinforcement is simulated by T3D2 element.
In the macro element model, B31 elements are used to simulate UHPFRC and the reinforcement net.
The uniaxial stress-strain relationship of the material subroutine (UMAT) of UHPFRC is the same
as that of the calibrated CDP model. The section size of the B31 element of the reinforcement net is
calculated equivalent to total reinforcement area. The material model parameters of reinforcement
are the same as those in Section 2. With a yield strength and ultimate strength of 525 and 625 MPa,
respectively. The mesh size of the models is 0.05m. A fixed constraint is set at the bottom of the
component and a loading point is set at the top. The number of model elements of the solid element
model and the multi-scale model is shown in Table 4. It can be seen that the number of model elements
in the multi-scale model is reduced by nearly 2/3 compared with that in the solid element model,
which significantly improves the computational efficiency.

Table 4. Number of model elements.

Model
Element Type

Total
C3D8R T3D2 B31

Solid element model 3840 616 0 4456
Multi-scale model 1280 220 80 1580

4.2. Unidirectional Load Cases

4.2.1. Axial Compression Load Case

Under the axial compression load, the stress distributions of UHPFRC of the multi-scale models
and the connection interface are shown in Figure 11. By comparison, it can be seen that there is the
phenomenon of stress concentration at the connection interface of the displacement coordination model
whose stress distribution is different from that of the solid model. The overall stress distribution of the
energy balance model is also different from that of the solid model, and the stress distribution at the
interface connection is not uniform. The stress distribution obtained by the CMPC method is highly
consistent with the solid element model. The constraint effect of the CMPC method is obviously better
than that of the single multi-point constraint method.
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   (a) (b) (c) (d) 

Figure 11. Stress distributions under the axial compression load (unit: Pa). (a) Solid element model;
(b) Displacement coordination model; (c) Energy balance model; (d) CMPC model.

4.2.2. Bending Load Case

Unidirectional concentrated moment loads is applied to the loading point at the top of the
models under the bending load case. The stress distribution and tensile damage distribution of
UHPFRC of the models are shown in Figures 12 and 13. By comparison, it can be seen that the stress
distribution at the connection interface in the plastic stage is nonlinear. The UHPFRC on the tensile
side enters the strain hardening stage with tensile damage. Compared with the solid element model,
the results of the displacement coordination model and the energy balance model show obvious stress
distortion at the connection interface. As UHPFRC on the tension side enters the strain hardening stage,
the formula for stress distribution of the energy balance method is no longer applicable. The original
constraint equation needs to be balanced by over increasing the strain on the tension side, resulting
in the distortion of the damage distribution at the connection interface. Due to the over-constraint
in tangential direction mentioned above, the results of the displacement coordination model at the
connection interface look distorted. The simulation results of CMPC model are highly consistent with
that of the solid element model, and the stress and damage distribution of UHPFRC at the connection
interface are simulated accurately.

   (a) (b) (c) (d) 

Figure 12. Stress distributions under the bending load (unit: Pa). (a) Solid element model;
(b) Displacement coordination model; (c) Energy balance model; (d) CMPC model.
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   (a) (b) (c) (d) 

Figure 13. Tensile damage distributions under the bending load (unit: Pa). (a) Solid element model;
(b) Displacement coordination model; (c) Energy balance model; (d) CMPC model.

4.2.3. Shear Load Case

In shear load case, a concentrated horizontal force is applied to the loading point at the top of the
models. The stress distribution and tensile damage distribution of UHPFRC of the models are shown
in Figures 14 and 15. It can be seen that after entering the strain hardening stage of UHPFRC, the stress
distribution at the connection interface presents nonlinear. The multi-point constraint equation derived
from the formula for elastic stress distribution is no longer applicable, and the simulation results of the
stress distribution and damage distribution at the connection interface of the energy balance model are
inaccurate. At the same time, due to the tangential over-constraint, the stress concentration occurs at
the connection interface of the displacement coordination model. The damage distribution is distorted.
However, the simulation results of the CMPC model still have good accuracy. The stress and damage
distribution of UHPFRC at the connection interface are simulated accurately.

   (a) (b) (c) (d) 

Figure 14. Stress distributions under the shear compression load (unit: Pa). (a) Solid element model;
(b) Displacement coordination model; (c) Energy balance model; (d) CMPC model.
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   (a) (b) (c) (d) 

Figure 15. Stress distributions under the shear compression load (unit: Pa). (a) Solid element model;
(b) Displacement coordination model; (c) Energy balance model; (d) CMPC model.

4.3. Multidirectional Composite Load Case

Under unidirectional load cases, the multi-scale model of UHPFRC component established
according to the proposed multi-scale modeling strategy achieved good accuracy. The performance of
this multi-scale model under multidirectional composite load case will be studied below.

In this load case, the axial compression force, the bidirectional moments and the bidirectional
horizontal forces are applied composited at the loading point at the top of the models. The diagram of
multidirectional composite load is shown in Figure 16. Where, the red arrow represents the bidirectional
horizontal forces, the yellow arrow represents the axial compression force, and the purple double
arrow represents the bidirectional moments.

Figure 16. The diagram of multidirectional composite load.

Under the multidirectional composite load case, the stress distributions of UHPFRC of the
multi-scale models and the connection interface are shown in Figure 17.

Through comparison, it can be seen that the CPMC equations established based on the proposed
multi-scale modeling strategy achieve good connection effect under the multidirectional composite
load case. The calculation accuracy of the CMPC model for UHPFRC is consistent with that of the
solid element model, which is better than the displacement coordination model and the energy balance
model. The multi-scale modeling strategy proposed in this study can be effectively applied to the
multi-scale finite element analysis of UHPFRC structures with accuracy and efficiency.
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(a) (b) (c) (d)

 (e)  (f)  (g)  (h)

Figure 17. Stress distributions under the multidirectional composite loads case (unit: Pa). (a) Solid
element model; (b) Displacement coordination model; (c) Energy balance model; (d) CMPC model;
(e) Interface location of the solid element model; (f) Interface of the displacement coordination model;
(g) Interface of the energy balance model; (h) Interface of CMPC model.

5. Conclusions

This study proposed a novel multi-scale modeling strategy for ultra-high-performance steel
fiber-reinforced concrete (UHPFRC) structures. The main work and conclusions are summarized
as follows:

1. The applicability of concrete damage plasticity (CDP) model in finite element software ABAQUS
to UHPFRC was verified according to the four-point bending test results of reinforced UHPFRC
beams. The simulation results show that the calibrated CDP model used in the multi-scale
modeling strategy in this study can accurately and effectively predict the load-displacement curve
and plastic damage distribution of UHPFRC components.

2. A novel combined multi-point constraint method was established by the simultaneous equations
of the displacement coordination equation and energy balance equation in different directions
of the interface. The CMPC method eliminates the problem of the tangential over-constraint
of displacement coordination equation at the interface and avoids stress iteration of energy
balance equation in the plastic stage. The multi-point constraint equations conform to the transfer
relations of displacement and stress between the interface nodes.

3. The expression of the constraint equations of the multi-scale connection of beam-solid element
by CMPC method was derived. The multi-scale model of the reinforced UHPFRC component
was established in ABAQUS with this expression and the calibrated CDP model. The axial
compression load case, bending load case, shear load case, and multidirectional composite load
case are analyzed.
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4. The simulation results of the multi-scale model under each load case show that the multi-scale
model established by the CMPC method can significantly reduce the number of model elements
and improve the calculation efficiency. The CMPC models have good simulation accuracy in the
analysis of each load case compared with the displacement coordination model and the energy
balance model. In the strain-hardening stage of UHPFRC, the CMPC method can still accurately
simulate the stress distribution and damage distribution of the connection interface. It can be
applied to multi-scale finite element analysis of UHPFRC structures with accuracy and efficiency.

Author Contributions: Conceptualization, Z.L. and J.T.; software, Z.P.; validation, Z.P.; writing—original draft
preparation, Z.P.; writing—review and editing, Z.L.; supervision, Z.L.; project administration, J.T. All authors
have read and agreed to the published version of the manuscript.

Funding: This study was funded by the National Key Research and Development Program of China under
grant number 2016YFC0701102, the National Natural Science Foundations of China under grant number
51538003 and 51978224, China Major Development Project for Scientific Research Instrument under grant
number 51827811, and Shenzhen Technology Innovation Program under grant number JCYJ20170811160003571
and JCYJ20180508152238111.

Conflicts of Interest: The authors declare that there are no conflicts of interests regarding the publication of
this article.

Appendix A

An example of the multi-scale connection interface is established with section size 0.4 m × 0.4 m
and mesh size 0.1 m shown in Figure A1, where the solid element node number on the connection
interface is 1–25, and the beam element node number is 26.

U

V

W

Figure A1. An example of the multi-scale connection interface.

The Equation set (8) of the multi-scale connection interface shown in Figure A1 can be obtained as
follow. The multi-scale connection of CMPC model can be established by coding the ‘*EQUATION’
keyword commands to input the constrained Equation set (8) into the ‘*.inp’ file of ABAQUS.
Similarly, this strategy can be implemented in the other FEA software by setting the multi-point
constraint equations.
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wSi = wB + Rxi sinθy + Ryi sinθx

1024u26 = [7(u25 + u1 + u5 + u21) + 14(u20 + u15 + u10 + u16 + u11 + u6) + 34(u24 + u22 + u4 + u2)+

68(u19 + u14 + u9 + u17 + u12 + u7) + 46(u23 + u3) + 92(u8 + u13 + u18)]

1024v26 = [7(v25 + v1 + v5 + v21) + 14(v24 + v22 + v4 + v2 + v23 + v3) + 34(v20 + v16 + v10 + v6)+

68(v19 + v17 + v9 + v7 + v18 + v8) + 46(v15 + v11) + 92(v14 + v12 + v13)]

10θz26 = 2(u1 + u2 + u3 + u4 + u5 + v5 + v10 + v15 + v20 + v25)+

2(−u21 − u22 − u23 − u24 − u25 − v1 − v6 − v11 − v16 − v21)+

(u6 + u7 + u8 + u9 + u10 + v4 + v9 + v14 + v19 + v24)+

(−u16 − u17 − u18 − u19 − u20 − v2 − v7 − v12 − v17 − v22)

w1 = w26 − 0.2 sinθx26 + 0.2 sinθy26

w2 = w26 − 0.2 sinθx26 + 0.1 sinθy26

w3 = w26 − 0.2 sinθx26

w4 = w26 − 0.2 sinθx26 − 0.1 sinθy26

w5 = w26 − 0.2 sinθx26 − 0.2 sinθy26

w6 = w26 − 0.1 sinθx26 + 0.2 sinθy26

w7 = w26 − 0.1 sinθx26 + 0.1 sinθy26

w8 = w26 − 0.1 sinθx26

w4 = w26 − 0.1 sinθx26 − 0.1 sinθy26

w10 = w26 − 0.1 sinθx26 − 0.2 sinθy26

w11 = w26 + 0.2 sinθy26

w12 = w26 + 0.1 sinθy26

w13 = w26

w14 = w26 − 0.1 sinθy26

w15 = w26 − 0.2 sinθy26

w16 = w26 + 0.1 sinθx26 + 0.2 sinθy26

w17 = w26 + 0.1 sinθx26 + 0.1 sinθy26

w18 = w26 + 0.1 sinθx26

w19 = w26 + 0.1 sinθx26 − 0.1 sinθy26

w20 = w26 + 0.1 sinθx26 − 0.2 sinθy26

w21 = w26 + 0.2 sinθx26 + 0.2 sinθy26

w22 = w26 + 0.2 sinθx26 + 0.1 sinθy26

w23 = w26 + 0.2 sinθx26

w24 = w26 + 0.2 sinθx26 − 0.1 sinθy26

w25 = w26 + 0.2 sinθx26 − 0.2 sinθy26

(A1)
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Abstract: Although ultra high-performance concrete (UHPC) has great performance in strength and
durability, it has a disadvantage in the environmental aspect; it contains a large amount of cement that
is responsible for a high amount of CO2 emissions from UHPC. Supplementary cementitious materials
(SCMs), industrial by-products or naturally occurring materials can help relieve the environmental
burden by reducing the amount of cement in UHPC. This paper reviews the effect of SCMs on the
properties of UHPC in the aspects of material properties and environmental impacts. It was found
that various kinds of SCMs have been used in UHPC in the literature and they can be classified
as slag, fly ash, limestone powder, metakaolin, and others. The effects of each SCM are discussed
mainly on the early age compressive strength, the late age compressive strength, the workability, and
the shrinkage of UHPC. It can be concluded that various forms of SCMs were successfully applied
to UHPC possessing the material requirement of UHPC such as compressive strength. Finally, the
analysis on the environmental impact of the UHPC mix designs with the SCMs is provided using
embodied CO2 generated during the material production.

Keywords: ultra high-performance concrete (UHPC); supplementary cementitious materials (SCMs);
sustainability; compressive strength; flowability; shrinkage

1. Introduction

Ultra high-performance concrete (UHPC) is one of the leading construction materials
with greatly advanced properties compared to conventional concrete. A cementitious
mixture of which the compressive strength is over 120 MPa belongs to the UHPC category
according to ASTM C1856 [1], while the ACI committee reported that the compressive
strength of UHPC should be greater than 150 MPa [2–4]. In addition to the remarkable
compressive strength, UHPC, designed based on a particle packing theory, also possesses
superior durability compared to conventional concrete with the help of dense microstruc-
ture [5–15]. For example, it has strong resistance to water permeability, chloride penetration,
freeze and thaw, and chemical attack because of its great material properties. Compre-
hensive studies on UHPC have been conducted for the last few decades such as the
rheological properties of a fresh paste of UHPC [15–20], the effect of fibers [16,19,21–23],
mix design [24–29], and structural applications [30–33].

Perhaps, the disadvantage of UHPC comes from the standard ingredient, specifically,
a large portion of Portland cement. The cement industry is well known to generate 8–9%
of global CO2 emissions [34]. Even though the structure member size can be smaller
with UHPC than conventional concrete because of its high strength [35], UHPC gener-
ally contains cement about three times higher than normal concrete by volume [25,36].
Furthermore, not all cement particles in UHPC are hydrated in an extremely low w/c
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ratio environment. The hydration degree is reported as only 52–61% with a w/c ratio of
0.23–0.33 [37] and the unhydrated cement makes UHPC not eco-friendly [12,38]. Therefore,
the possible approach to reduce cement content in UHPC is replacing part of the cement
with supplementary cementitious materials (SCMs) such as slag, fly ash (FA), limestone
powder (LP), metakaolin (MK), and other SCMs. Most SCMs are industrial by-products
or naturally occurring materials: slags are by-products in the production of iron, steel,
lithium carbonate, phosphor, or copper; FA is a by-product of a coal power plant; and SF
is a by-product from the production of elemental silicon or alloys with silicon. In addi-
tion, limestone is a natural occurring material, and MK is obtained from the calcination
of kaolinite.

This paper reviewed the effect of various SCMs on UHPC performances. SCMs can
be categorized into slag, FA, LP, MK, and other SCMs. The effects of SCMs on compres-
sive strength, flowability, porosity, shrinkage, and environmental impacts of UHPC are
discussed. The paper also introduces the method of how to evaluate the environmental
effect of each SCM. The objective of the paper is to summarize the current state of SCM
application and its performances in UHPC.

2. Summary of SCMs Reviewed

The SCMs reviewed in this paper are summarized in Table 1. The table shows the
types of SCMs that have been studied in the literature and their effects on the UHPC’s
performances. The performances of UHPC investigated are early (at 3 days or earlier)
and late compressive strength (later than 3 days), flowability, porosity, and shrinkage.
The effects of SCMs were compared to the references in each study. For example, high
“Early compressive strength” means that usage of SCMs exhibits higher early compressive
strength than a reference mix design. The numbers in the column of “SMC No.” are
linked to the numbers in the column of “List of SCMs” and the information of SCMs or a
combination of SCMs can be found.

When a combination of SCMs is used, the effects of the main SCM are reported. Many
studies investigated the usage of combinations of SCMs and it is inefficient to regard each
combination as a single different SCM. Therefore, the authors picked one representative
SCM in a combination and investigated its effect. The representative SCM in a combination
is bolded in the table and others are referred to as a reference. For example, (8) in the “List
of SCMs” column in Table 1 used three SCMs: GGBS (25.5%) + SF + BA. The compressive
strength with the different dosages of GGBS was compared and discussed in the slag
section (see Section 3.1). The UHPC with GGBS exhibits lower early age compressive
strength compared to the reference with the combination of SF and BA only. In the case of
italic texts for the SCMs, the reference is different from the mix designs with SCMs and is
not able to be written in the Table 1 because of space limitations. For example, (22) in the
“List of SCMs” column in Table 1 compared the effect of “FFA (20%) + MK (3.8%)” with
the UHPC only with SF. In this case, it is recommended to find more detailed information
on the reference mix design through the papers cited. Lastly, the replacement ratio is the
weight of the SCM to total solid binder weight, which resulted in the highest compressive
strength. For example, (8) in the “List of SCMs” column in Table 1 GGBS is used along
with BA and SF. The replacement ratio of 25.5% is obtained from dividing GBBS weight by
the sum of cement, GBBS, BA, and SF.

Various combinations of SCMs in UHPC mix designs have been studied by many
research groups. Most UHPC studies used SF as a main ingredient and parts of the cement
were replaced with other SCMs in the literature. Although there are various combinations,
most SCMs are placed in the ordinary categories: slag, FA, LP, and MK. Some other
SCMs such as RHA, NP, NMC, DCP, CKD, GGP, BP and FGP are also investigated. The
effects of the SCMs on the UHPC performances of early and late compressive strength,
flowability, shrinkage, and the environmental impact are discussed comprehensively in the
following sections.
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Table 1. Summary of the effects of supplementary cementitious materials (SCMs) on the UHPC performances.

Performance SCM No. List of SCMs

Early compressive
strength (≤3 days)

High
[Slag] 7, 13; [FA] 23, 25;
[MK] 32; [O] 35

[Slag]
(1) GGBS (60%) + SF [39]
(2) GGBS (25.5%) + SF +
BA [40]
(3) GGBS (30%) + SF [41]
(4) GGBS (38.5%) + SF
[42]
(5) GGBS (30%) [43]
(6) GGBS (20–40%) + SF
[44]
(7) GGBS (23.6%) + SF
[45]
(8) FGGBS (38.5%) + SF
[42]
(9) FGGBS (8.4%) + SF +
BA [40]
(10) SSP (16.9%) + SF [46]
(11) SSP (15%) + LP + SF
[12]
(12) PS (6.9–34.2%) + SF +
FA [47]
(13) PS (35%) + SF [48]
(14) PSS (4%) + SF [49]
(15) LTS (10%) + SF [50]
(16) CS (16%) + SF [51]
Fly ash [FA]
(17) FA (11.8%) + SF [49]
(18) FA (12.8%) + SF [40]
(19) FA (15%) + SF [41]
(20) FA (30%) + SF [52]
(21) FA (20%) + SF [53]
(22) FA (38.5%) + SF [42]
(23) FA (7.4%) + GGBS +
SF [54]
(24) FFA (20%) + MK
(3.8%) [55]
(25) FFA (34.1%) + SF [56]

Limestone powder [LP]
(26-1) LP (37.3%) + SF [57]
(26-2) LP (57.2–78.1%) +
SF [57]
(27) LP (32%) + SF [58]
(28) LP (4%) + SF [49]
(29) LP (14%) + SF + FA
[59]
(30) NC (3.2%) + SF [60]
Metakaolin [MK]
(31) MK (20%) + SF [61,62]
(32) MK (16.7%) [63]
(33) NMK (1%) + MK [64]
(34) MK (6.9%) + SF [65]
Others [O]
(35) RHA (10%) + SF [66]
(36) NP (11.8%) + SF [49]
(37) NP (24%) + SF [67]
(38) NMC (1–9%) + MK
[68]
(39) DCP (≤9%) + SF +
LP [69]
(40) CKD (4%) + SF [49]
(41) GGP (11.5%) + SF [70]
(42) FGP (6–15%) + SF [71]
(43) BP (14%) + SF + FA
[59]

Low
[Slag] 1, 2, 3, 9, 11, 12, 15;
[FA] 18, 19, 21; [LP] 29;
[MK] 33; [O] 37, 38, 39, 43

Late compressive strength
(>3 days)

High

[Slag] 1, 2, 5, 6, 7, 9, 12, 14,
15, 16; [FA] 20, 24; [LP]
26-1, 27, 30; [MK] 32; [O]
35, 41, 42

Low

[Slag] 3, 4, 8, 10, 11; [FA]
17, 18, 19, 21, 22; [LP] 26-2,
28, 29; [MK] 31, 34, 32; [O]
36, 37, 38, 39, 40, 43

Flowability

High
[Slag] 2, 4, 6, 7, 8, 9, 10, 12;
[FA] 22, 24, 25; [LP] 26-1,
26-2, 28, 29; [O] 41, 42, 43

Low [Slag] 11; [FA] 17, 18; [MK]
33; [O] 36, 37, 38, 39, 40

Shrinkage

Low
[Slag] 11, 12; [FA] 23, 24;
[LP] 26-2, 29; [MK] 32; [O]
43

High [Slag] 6

3. Effect of SCMs on Material Properties of UHPC

3.1. Slag

Slag is the by-product in pig iron, steel, lithium carbonate, phosphor, or copper plants
and their primary oxide components are CaO, SiO2, and Al2O3, although the proportions
are not the same among different sources [72]. The effects of slag on UHPC compressive
strength, flowability, and shrinkage are summarized in Tables 2–4, respectively. They also
include information such as the water to binder (w/b) ratio, the curing method, specimen
size, the superplasticizer to binder (SP/b) ratio, the aggregate to binder (Agg/b) ratio, the
mixture type, and other solid ingredients. The same types of tables are used for other SCMs
in the following subsections.
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Table 2. The effect of slag on the compressive strength of UHPC.

SCMs
Compressive Strength

(MPa @ Age
(% to the Ref.))

w/b Ratio Curing Method
Specimen Size

(mm)
Other Solid Ingredients Ref.

GGBS (60%) + SF
127 @ 7 (−7.1%)
162 @ 28 (5.2%)
181 @ 90 (8.4%)

0.20 Water 50 cube Cement (CEM I 52.5 N), Sand [39]

GGBS (25.5%) + SF + BA

25 @ 1 (−39.0%)
77 @ 3 (−18.1%)

145 @ 28 (0%)
157 @ 91 (0.06%)

0.15 Water 50 cube Cement (CEM I), Sand, Steel
fiber (1 vol.%), Silica powder [40]

GGBS (30%) + SF 98 @ 3 (−5.7%)
144 @ 28 (−4.0%) 0.16 Water 40 × 40 × 80 Cement (CEM I 42.5 R), Sand,

Steel fiber (2 vol.%) [41]

GGBS (38.5%) + SF 139.4 @ 28 (−16.1%) 0.20 Water and air 100 cube Cement (CEM I 42.5), Sand,
Steel fiber (2 vol.%) [42]

GGBS (30%) 123 @ 28 (10%)
130 @ 91 (−5.4%) 0.18 Water 40 × 40 × 160 Cement (CEM I 52.5 R), Sand [43]

GGBS (20–40%) +SF 110–120 @ 28 (0–9%) 0.18 Water 50 cube Cement (CEM I), Sand [44]

GGBS (23.6%) + SF 110 @ 3 (0.0%)
125 @ 7 (3.3%) 0.14 Air 40 × 40 × 160 Cement (CEM I 52.5 N), Sand [45]

FGGBS (38.5%) + SF 163.5 @ 28 (−1.5%) 0.20 Water and air 100 cube Cement (CEM I 42.5 R), Sand,
Steel fiber (2 vol.%) [42]

FGGBS (8.4%) + SF + BA

13 @ 1 (−68.3%)
101 @ 3 (7.4%)
151 @ 28 (4.1%)
165 @ 91 (5.8%)

0.15 Water 50 cube Cement (CEM I), Sand, Steel
fiber (1 vol.%), Silica powder [40]

SSP (16.9%) + SF 140 @ 28 (−10.3%) 0.13 Heat, water 100 cube
Cement (CEM I 42.5), Sand,
Coarse agg., Steel fiber (1.6

vol.%)
[46]

SSP (15%) + LP + SF 68 @ 1 (−8.7%)
142 @ 28 (−6.4%) 0.16 Water 100 cube

Cement (CEM I 42.5), Sand,
Quartz powder, Steel fiber (2

vol.%)
[12]

PS (27.4%) + SF + FA 60 @ 3 (−27.7%)
127.5 @ 28 (2.8%) 0.17 Air 40 × 40 × 160 Cement (CEM I), Sand [47]

PS (35%) + SF 156.8 @ 3 (3.7%) 0.14 Heat 40 × 40 × 160 Cement (CEM I 52.5), Sand [48]

PSS (4%) + SF 161 @ 28 (0.0%) 0.15 Water Cement (CEM I), Sand, Steel
fiber (2 vol.%) [49]

LTS (10%) + SF
98 @ 3 (−4.8%)
146 @ 28 (2.8%)
156 @ 90 (6.8%)

0.18 Water 40 cube Cement (CEM I 52.5), Sand [50]

CS (16%) + SF 167 @ 90 (3.1%) 0.15 Water 40 × 40 × 160 Cement (CEM I 52.5 N), Sand [51]

Table 3. Effect of slag on the flowability of UHPC.

SCMs

Flowability
(mm (% to the Ref.)) w/b Ratio

SP/b
Ratio

Agg/b Ratio Type Ref.

Slump Flow Flow Table Mini Slump

FGGBS (8.4%)
+ SF + BA

675
(11.6%) 0.15 0.75% 0.70

Mortar +
Steel fiber (1

vol.%)
[40]

GGBS (25.5%)
+ SF + BA

630
(4.1%) 0.15 0.49% 0.70

Mortar +
Steel fiber (1

vol.%)
[40]

SSP (15%) + LP + SF 605
(−0.1%) 0.16 1.80% 1.00

Mortar +
Steel fiber (2

vol.%)
[12]

PS (34.2%)
+ SF + FA

306
(17.2%) 0.17 3.47% 0.90 Mortar [47]

FGGBS (38.5%) + SF 310
(10.7%) 0.20 3.50% 1.44

Mortar +
Steel fiber (2

vol.%)
[42]

GGBS (23.6%) + SF 300
(0.0%) 0.14 0.90% 1.00 Mortar [45]

GGBS (38.5%) + SF 285
(1.8%) 0.20 3.50% 1.44

Mortar +
Steel fiber (2

vol.%)
[42]

GGBS (20–40%) + SF 256
(34.7%) 0.18 2.40% 1.22 Mortar [44]

SSP (16.9%) + SF 130
(26.8%) 0.13 5.42% 1.25 Mortar [46]
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Table 4. Effect of slag on the shrinkage of UHPC.

SCMs
Shrinkage

w/b Ratio
Binder Weight Ratio

Ref.
Auto Dry Total Cement Slag SF

SSP (15%) + LP + SF Low 0.16 0.55 0.35 0.10 [12]

PS (34.2%) + SF + FA Low 0.17 0.34 0.53 0.13 [47]

GGBS (40%) + SF High 0.18 0.40 0.40 0.20 [44]

Slag tends to decrease the compressive strength of UHPC at an early age because
of its low reactivity. Slag has hydraulic properties and reacts with water [73] and the
hydration product of slag is calcium silicate hydrate (CSH) [43,74]. Slag is chemically
activated by calcium hydroxide (Ca(OH)2) and gypsum in cement, but its reaction speed
is slow, whereas SF reacts with Ca(OH)2 first in UHPC because of its fineness [44,75].
Researchers have also reported that slag decreases the heat of hydration [39,43]. As a result,
slag tends to decrease the compressive strength of UHPC at 3 days or earlier. Most of
the research revealed that the compressive strengths at 3 days of the UHPCs with slag
decrease by around 4.8–18.1% from the reference specimens. Pyo and Kim revealed that
the addition of GGBS decreases the compressive strength at 1 day and 3 days by 39% and
18%, respectively [40]. They claimed that GGBS slow down the hydration process and
setting time, which causes low early strength. Li et al. reported that SSP improves the
workability even though it degrades the mechanical properties and durability of UHPC [12].
The 15% replacement of cement with SSP results in 8.7% lower compressive strength at
1 day than that of the reference specimen. As the SSP has a low hydration activity as
well as a retarding effect on the cement hydration, the activity of SSP is lower than OPC
and it slowed down the early age hydration. He et al. replaced SF with the LTS that is a
by-product in the process of lithium carbonate [50]. The 10% of the LTS to the total binder
results in a 4.8% lower compressive strength at 3 days compared to the control mix with
SF only. The addition of LTS decreases the early age compressive strength because the
pozzolanic reaction of LTS is slower than SF.

Slag could enhance the late age compressive strength of UHPC; the secondary poz-
zolanic reaction between slag and Ca(OH)2 in the pore solution produces additional CSH,
which increases the packing density of the UHPC [44]. Liu et al. found that compressive
strength increases up to 9% when GGBS content increased to 40% of the binder because
the secondary pozzolanic reaction of GGBS is accompanied by consumption of Ca(OH)2
and the densification of the hardened paste [44]. Abdulkareem et al. reported that the
use of GGBS can accelerate the hydration reaction of cement and also improve packing
density because its fineness is between those of cement and SF [45]. When GGBS content
increased to 23.6% of binder, the compressive strength increased by 3.3% at 7 days because
of the improved packing density and higher cement hydration due to the addition of GGBS.
Gupta used GGBS with 35% calcium oxide content that contributes to CSH formation, and
thus, improves strength development [39]. The 60% replacement of cement with GGBS
resulted in a 5.2% increase in the UHPC’s compressive strength at 28 days. Yu et al. re-
ported a 10% increase in 28-day compressive strength by replacing 30% of the cement with
GGBS [43]. He et al. successfully replaced 10% of cement with LTS and the compressive
strength increases by 2.8% and 6.8% at 28 days and 90 days, respectively [50]. The fineness
of LTS is between those of cement and SF, which can improve the packing density of
UHPC and the pozzolanic reaction of LTS also contributes to the late age compressive
strength development. Peng et al. used PS that has a similar glass structure to GGBS [48].
When PS content increased from 30% to 35%, the compressive strength increased by 3.7%
because the addition of PS increased both the degree and speed of the pozzolanic reaction,
which results in more hydration products in the paste and low porosity. The PS used by
Yang et al. has relatively lower reactivity than ordinary slag because of the lower Al2O3
content [47]. P2O5 in the PS can also retard hydration at an early age. The PS of 27.4% of
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the binder was found to increase the compressive strength at 28 days by 6.3%. The PS can
yield small pores in microstructure at an early age and fill those by the hydration product
from the long-term pozzolanic reaction. Edwin et al. proved that CS can be used as an
SCM in UHPC increasing the amount of CSH [51]. CS is a by-product of the copper metal
smelting process. When CS content increases up to 16% of the binder, the compressive
strength of UHPC increases by 3.1% at 90 days. Ahmadm et al. studied the effect of using
industrial waste materials like PSS to replace parts of SF [49]. When replacing 20% of SF,
the compressive strength of UHPC can still reach 161 MPa at 28 days, which is the same as
that of the reference specimen with SF only and flow diameter slightly decreased, but it
was still within the acceptable range.

The particle size of slag can be a critical factor in the compressive strength of UHPC.
Randl et al. studied the effect of GGBS and FGGBS on the UHPC compressive strength [42].
The GGBS and FGGBS have the Blaine values of 4790 and 5620 cm2/g, respectively. When
38.5% of cement is replaced with FGGBS, it decreases the compressive strength by 1.5%,
whereas GGBS decreases the strength by 16.1% because FGGBS results in a higher packing
density than GGBS. The study concluded that the packing density of UPHC is an important
factor even more than the hydraulic reactivity of slag. Pyo and Kim compared slags with
different particle sizes [40]. The median particle size of FGGBS and GGBS are 2.69 μm and
14 μm, respectively. They reported that the usage of FGGBS increases the compressive
strength increased by 7.4% at 3 days, while GGBS decreases the compressive strength with
the same dosage of FGGBS. From the hydration heat measurement, they concluded that
FGGBS plays a significant role in the early hydration process, which results in a higher
compressive strength than the reference specimen.

Some slags may decrease the porosity of UHPC. Liu and Guo studied the effect of SSP
on the compressive strength of UHPC [46]. The particle size distribution of SSP is similar
to that of cement. It was found that the compressive strength decreased rapidly when the
SSP content is high. With the 16.9% replacement ratio of cement with SSP, the compressive
strength decreased by 10.3% compared to the reference specimen that contains SF only
because SSP increases the proportion of the pores larger than 50 mm by 33%.

The effect of slag on the UHPC shrinkage possibly depends on the type of slag.
Table 4 summarizes the effect of slag on the UHPC shrinkage. It has been proved that the
addition of GGBS increases the shrinkage of conventional concrete because slag increases
the self-desiccation by consuming pore solution (calcium hydroxide) in a small capillary
pore structure [76–78]. However, different effects of different types of slags on the UPHC
shrinkage have been observed in some studies in the literature. Li et al. found that the
total shrinkage of UHPC incorporating SSP is lower than the UHPC without SSP [12].
As the amount of SSP increases, hydration of cementitious materials decreases at early
ages, water consumption is reduced, and, thus, the self-desiccation of UHPC becomes
weaker. Yang et al. indicated that as the cement replacement ratio with PS increases, the
hydration can be slowed down and the cement dilution effect can improve the UHPC
volume stability [47]. In other words, the high volume of PS can reduce the autogenous
shrinkage of UHPC. On the other hand, Liu et al. found that the addition of GGBS can
increase autogenous shrinkage [44]. They insisted that the secondary pozzolanic reaction of
GGBS increases the consumption of calcium hydroxide, which increases water consumption.
The higher water consumption results in more self-desiccation. They concluded that the
secondary pozzolanic reaction of GGBS increases the autogenous shrinkage due to the
refined pore structure and the increased depletion of water.

Slag increases the UHPC flowability because of its lower water absorption compared
to cement having a slippery surface [79]. Table 3 summarizes the effect of slag on the UHPC
flowability. Pyo and Kim reported that the addition of FGGBS and GGBS increases the
UHPC flowability by 11.6% and 4.1%, respectively, compared to the reference specimen
with SF only [40]. Yang et al. reported that the use of PS can significantly improve the
flowability of UHPC. The flowability of UHPC can increase by 17.2% when the cement re-
placement ratio with PS increased up to 34.2% because it reduces the water absorption [47].

340



Materials 2021, 14, 1472

Furthermore, the addition of PS provides the cement dilution effect, which increases the
water to cement ratio of UHPC with PS indirectly. Abdulkareem et al. reported that the
workability is improved by the addition of GGBS [45]. In the paper, with the increase in
GGBS, the dosage of superplasticizer should be reduced to achieve the same level of slump
flow. Liu et al. used GGBS to improve the flowability of UHPC. With up to 30% replacement
of cement with GGBS, the slump flow can increase by 6.3% because of the smooth surface
and lower water absorption of the slag compared to cement [44]. Liu and Guo proved that
the addition of SSP can improve the flowability of UHPC. The 16.9% replacement ratio of
cement increases the flow diameter by 26.8% because the activity of SSP is lower than that
of cement and the water requirement of SSP is also less than that of cement [46]. However,
Li et al. found that the 15% replacement of cement with the different SSP source slightly
decreases the flowability of UHPC because of the higher specific area than that of cement,
which caused higher water demand [12]. Therefore, it should be pointed out that a higher
specific area of different sources of slag could decrease the flowability of UHPC. Randl et al.
found that the specific area of GGBS and FGGBS can improve the flowability of UHPC [42].
The slump flow of UHPC increased by 1.8% with 38.5% GGBS replacement and the slump
flow of UHPC increased by 10.7% with 38.5% FGGBS replacement.

Slag is possibly more helpful than FA to improve the UHPC’s compressive strength.
Wu et al. reported that when the cement replacement ratio is same, slag exhibits a higher
compressive strength of UHPC than FA [41]. The 30% replacement ratio of cement with
GGBS results in 5.7% and 4.0% lower at 3 days and 28 days, respectively, compared to the
reference specimen containing SF only, while the 30% replacement with FA results in 13.5%
and 8.0% lower at 3 days and 28 days, respectively.

Although slag is apt to decrease the early compressive strength of UHPC, many
studies have demonstrated that it successfully improves the late compressive strength.
The additional CSH produced by the secondary pozzolanic reaction between slag and
Ca(OH)2 increases the density of the matrix and the compressive strength, which happens
at the late age because of the slow hydration of slag. The disadvantage of the low early
compressive strength is assumed to be overcome by adopting heat treatment as it increases
the pozzolanic reactivity. The particle size of slag is also an important factor to increase
the compressive strength of UHPC; slag of a finer particle size exhibits higher compressive
strength. However, the extra grinding work increases the material cost and, therefore,
finding reactive slag material seems a more efficient option. Slag decreases the water
demand of UHPC because of its lower water absorption compared to cement. It is another
critical factor to increase the compressive strength of UHPC because a lower w/c ratio can
increase the compressive strength.

3.2. Fly Ash (FA)

FA is a by-product of power plants and is collected during the process of coal combus-
tion. The chemical composition and particle size of FA are different from plant to plant,
but it is generally a fine spherical powder, which increases the workability of conventional
cementitious material. As a pozzolanic material, it is known that FA increases the late
age strength of conventional cementitious material. The usage of FA can reduce CO2
emissions [55,66] and decrease the production cost and energy of concrete [41,49,53,55].
In recent years, many researchers have focused on developing new UHPC mixtures with
locally available FA because substituting cement and/or SF with FA can reduce environ-
mental impacts.

The effect of FA on UHPC compressive strength is summarized in Table 5. The com-
pressive strength data reported show around 95 MPa at 3 days, 110–185 MPa at 28 days,
and 152–202 MPa at 91 days with a 10–20% replacement of binder materials. It has been
shown that the UHPC with FA exhibits a lower compressive strength than those of refer-
ence specimens. Ahmad et al. replaced a part of SF with FA, and found that using FA to
substitute the SF to up to 11.8% of the binder slightly decreases the compressive strength
by 1.9% compared to the reference specimen at 28 days [49]. Although FA degrades the
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compressive strength of UHPC, the value is higher than the minimum requirement of
150 MPa and the usage of FA can reduce the cost of UHPC. It has been proved that FA
can improve many characteristics of high strength mortar. However, Pyo et al. found that
replacing 12.8% cement with FA decreased the compressive strength by 48.9% and 6.1% at
1 day and 3 days, respectively, because of the high crystallinity of FA [40]. Wu et al. also
investigated the effect of FA as an SCM for concrete, and concluded that the FA has negative
effects on the compressive strength of UHPC [41]. The 15% replacement ratio of cement
with FA results in 13.5% and 8% lower than those of reference specimen at 3 days and
28 days, respectively. Alsalman et al. adopted that FA can be used as an SCM for UHPC
to reduce the cost of UHPC [53]. It was found that adding FA up to 15% of the binder
significantly decreases the compressive strength by 33.7% at 1 day because the addition of
FA delayed the strength development at early ages. The compressive strength of UHPC
becomes similar to that of the reference specimen after the normal curing of 7 days or
longer. Randl et al. found that the 38.5% replacement ratio of cement with FA decreases
the compressive strength by 24.9% at 28 days compared to the reference specimen, even
though the packing density is higher [42]. Therefore, it is inferred that the slow pozzolanic
reaction of FA degrades the compressive strength of UPHC. It should be noted, however,
that there are occasional studies reporting different trends. Šeps et al. replaced the cement
of 30% with FA and it results in 19% higher compressive strength at 28 days than that of
the reference specimen containing SF only [52].

Table 5. The effect of FA on the compressive strength of UHPC.

SCMs

Compressive
Strength

(MPa @ Age
(% to the Ref.))

w/b Ratio
Curing
Method

Specimen Size
(mm)

Other Solid Ingredients Ref.

FA (11.8%) + SF 158 @ 28 (−1.9%) 0.15 Water 50 cube Cement (CEM I), Sand,
Steel fiber (2 vol.%) [49]

FA (12.8%) + SF

24 @ 1 (−48.9%)
92 @ 3 (−6.1%)

152 @ 28 (−1.3%)
164 @ 91 (0%)

0.15 Water 50 cube Cement (CEM I), Sand,
Steel fiber (1 vol.%) [40]

FA (15%) + SF 90 @ 3 (−13.5%)
138 @ 28 (−8%) 0.20 Water 40 × 40 × 80 Cement (CEM I 42.5),

Sand [41]

FA (30%) + SF 125 @ 28 (19%) 0.26 Air 100 cube Cement (CEM I), Sand,
Coarse agg. [52]

FA (20%) + SF

53.1 @ 1 (−33.7%)
101.5 @ 7 (−1.26%)
114.5 @ 28 (−0.7%)
131.7 @ 56 (2.1%)

152.1 @ 90 (−1.9%)

0.16 Water 50 cube Cement (CEM I), Sand,
Steel fiber (3 vol.%) [53]

FA (38.5%) + SF 124.7 @ 28 (−24.9%) 0.20 Water and air 100 cube Cement (CEM I 42.5 R),
Sand, Steel fiber (2 vol.%) [42]

FA (7.4%) + GGBS + SF 281 @ 1 (4.1%) 0.15 Autoclave 50 cube Cement (CEM I 42.5),
Sand [54]

FFA (20%) + MK (3.8%) 150 @ 28 (26%) 0.20 Water 50 cube Cement (CEM III) [55]

FFA (34.1%) + SF 160.3 @ 3 (6.8%) 0.16 Water and
steam 50 cube Cement (CEM I 42.5 R),

Sand, Steel fiber (1 vol.%) [56]

Some of the FFA can improve the compressive strength of UHPC. Ferdosian and
Camões introduced the method of how to optimize the UHPC mix design that satisfies
the requirements of the compressive strength and the flowability using FFA of which the
mean particle size is 4.48 μm [56]. They suggested the eco-efficient mix design that releases
the lowest CO2 and the cost-efficient mix design that maximizes the amount of FFA and
sand as well as minimizes the amount of SF. The eco-efficient mix design results in the
compressive strength being 6.8% higher than the reference samples using the FFA of 34.1%
in the binder.

The ternary use of SCMs including FA also can be a feasible solution to reduce
the amount of cement and SF in UHPC. Li found that the ternary use of FA, MK, and
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cement can provide better compressive strength of UHPC than the binary use of SF and
cement [55]. The 20% and 3.8% of cement were replaced with FA and MK, respectively,
and the compressive strength increased by 26% at 28 days. Yazıcı et al. found that the
ternary SF-FA-GGBS binder system is effective for reducing SF and water demand without
sacrificing compressive strength [54]. In the binder system, the 10% replacement ratio of
cement with FA increased the compressive strength by 4.1% up to 281 MPa at 1 day under
the autoclave curing condition. However, a fundamental understanding of the ternary
use of SCMs improving mechanical properties of UHPC is still not clear and requires
further research.

Table 6 summarizes the effect of FA on the UHPC flowability, which is controversial
among studies. Some researchers reported that FA can improve the workability of UHPC. Li
found that the ternary use of FA, MK, and cement can significantly increase the flowability
of UHPC by 47% compared to the binary use of cement and SF [55]. Randl et al. found that
the addition of FA can increase the flowability of UHPC [42]. The 38.5% replacement ratio
of cement with FA can increase the flow diameter of fresh UHPC by 3.6% compared to the
reference specimen with SF only. Ferdosian and Camões focused on developing a mixing
design method to minimize CO2 content and material cost with acceptable compressive
strength and workability [56]. The 34.1% FA in the cementitious binder satisfied the low
limit of flowability of 190 mm. However, degradation of workability by using FA in UHPC
was reported. Pyo and Kim found that the 15.7% replacement of silica powder with FA
decreases the slump flow by 6.6% compared to the reference specimen [40]. Ahmad et al.
studied that the effect of FA replaces the SF in UHPC. It was found that when the use of
FA as a replacement of SF and its content is increased to 11.8% of binder, the flowability of
UHPC slightly decreases by 8.7% than the reference specimen with SF only but the lower
flowability is still acceptable [49].

Table 6. The effect of FA on the flowability of UHPC.

SCMs

Flowability
(mm (% to the Ref.)) w/b Ratio SP/b Ratio

Agg/b
Ratio

Type Ref.

Slump Flow Flow Table Mini Slump

FA (12.8%) + SF 565
(−6.6%) 0.15 0.75% 0.71 Mortar + Steel

fiber (1 vol.%) [40]

FA (38.5%) + SF 290
(3.6%) 0.20 3.50% 1.44 Mortar + Steel

fiber (2 vol.%) [42]

FFA (20%) + MK
(3.8%)

258
(47%) 0.20 1.00% - Paste [55]

FA (11.8%) + SF 210
(−8.7%) 0.15 3.57% 0.90 Mortar + Steel

fiber (2 vol.%) [49]

FFA (34.1%) + SF 190
(0.0%) 0.16 2.50% 1.07 Mortar + Steel

fiber (1 vol.%) [56]

Table 7 summarizes the effect of FA on UHPC shrinkage. It has been shown that the
FA can reduce the shrinkage of UHPC. Li et al. found that the ternary use of FA, MK,
and cement can reduce the drying shrinkage of UHPC compared to the reference specimen
with SF only because the ternary use can reduce water demand [55]. Yazıcı et al. replaced
cement with FA and GGBS to reduce the cement amount in UHPC [54]. It was found that
when the content of GGBS in the binder is constant, the 10% replacement ratio of cement
with FA results in lower shrinkage than the reference specimen with SF only because of the
lower amount of cement in UHPC.

The advantage of the usage of FA in UHPC cannot be observed in the compressive
strength; most studies using FA reported degradation of the compressive strength of UHPC.
The effect of FA on workability is arguable, and this might come from different characteristics
of FAs from different sources. Therefore, the purpose of the usage of FA can be limited in
reducing material cost or CO2 emission as discussed in the studies. Perhaps FA can increase
the durability of UHPC; however, further studies are required to demonstrate it.
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Table 7. The effect of FA on the shrinkage of UHPC.

SCMs
Shrinkage

w/b Ratio
Binder Weight Ratio

Ref.
Auto Dry Total Cement FA SF

FFA (20%) + MK(3.8%) Low 0.20 0.77 0.23 - [55]
FA (8%) + GGBS + SF Low 0.15 0.64 0.16 0.20 [54]

3.3. Limestone Powder (LP)

The effect of LP in conventional cement and concrete is well known; the use of LP
in concrete has various advantages. It can reduce the material cost and CO2 emission
because of having an abundant reservoir. LP has the nucleation effect in early hydration
reaction that accelerates the cement hydration [58,80]. It can also physically fill the void
and increase the packing density of the system [80]. As a consequence, LP increases the
compressive strength of concrete at an early age. However, it may reduce the compressive
strength at a late age because it does not have a pozzolanic reaction with cement unlike
other SCMs such as slag, FA, and MK, and it requires higher water demand. In this section,
the effect of LP in UHPC is reviewed

The effect of FA on UHPC compressive strength is summarized in Table 8. Three differ-
ent mechanisms of how LP affects the compressive strength of UHPC were observed. First,
LP enables the reduction in the amount of superplasticizer to maintain the same flowability.
Huang et al. studied the effect of LP on the hydration of UHPC with different cement
replacement ratios [58]. The retardation effect caused by the superplasticizer decreases as
LP enables the reduction in the amount of superplasticizer by 62.8%, and, as a result, the
early compressive strength is not degraded. It was also found that the 32% replacement
ratio of cement with LP results in 10.7% and 16.1% higher compressive strength at 28 days
and 56 days, respectively.

Table 8. The effect of LP on the compressive strength of UHPC.

SCMs

Compressive
Strength

(MPa @ Age
(% to the Ref.))

w/b Ratio
Curing
Method

Specimen Size
(mm)

Other Solid Ingredients Ref.

LP (37.3%) + SF 159.5 @ 28 (4.3%) 0.20 Water 50 cube Cement (CEM I 52.5 R),
Sand [57]

LP (32%) + SF 165 @ 28 (10.7%)
180 @ 56 (16.1%) 0.13 Sealed 40 × 40 × 160 Cement (CEM I 52.5 N),

Sand [58]

LP (4%) + SF 152 @ 28 (−5.6%) 0.15 Water 50 cube Cement (CEM I), Sand,
Steel fiber (2 vol.%) [49]

LP (14%) + SF + FA
100 @ 7 (−4.2%)

120 @ 28 (−1.1%)
140 @ 56 (−4%)

0.16 Water 40 × 40 × 160 Cement (CEM I), Sand [59]

NC (3.2%) + SF 120 @ 7 (9%)
155 @ 28 (15%) 0.16 Water 40 × 40 × 160 Cement (CEM I 42.5),

Sand, Steel fiber (2 vol.%) [60]

Second, LP has a pozzolanic reaction with SF. Li et al. adopted that replacing cement
with LP and the optimum content of 37.3% replacement ratio increases the compressive
strength of UHPC by 4.3% at 28 days than that of the control mix with SF only [57].
As UHPC with LP has a higher pozzolanic reaction with SF, which contributes to the CSH
formation at late ages, strength development can be improved at late ages.

Third, the fine particle-sized LP can accelerate cement hydration. Wu et al. reported
the addition of nanoparticles such as NC can improve the mechanical properties and
durability of UHPC [60]. It is found that the 3.2% replacement ratio of cement with
NC increases the compressive strength of UHPC by 1.1% and 5% at 7 days and 28 days,
respectively, because the use of NC accelerates the hydration of cement and makes the
microstructure denser due to smaller particle size of NC compared to cement.
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However, in some cases, LP can degrade the compressive strength of UHPC. Yang
et al. investigated the effect of LP on the hardened properties of the UHPC that contains
FA and SF of 24% and 12%, respectively [59]. The 14% replacement ratio of cement with LP
decreases the compressive strength of UHPC by 4.2% at 7 days than that of the reference
specimen with SF and FA. Although the compressive strengths of UHPC at 28 days and
56 days increase compared to day 7 compressive strength, these two strengths are still
1.1% and 4% lower than the reference specimen, respectively. Even though the LP has
the nucleation effect increasing the cement hydration speed, it also dilutes the cement
hydration resulting in lower heat of cement hydration. As the amount of LP increases in
the low cement binder, the dilution effect becomes more dominant. Ahmad et al. studied
the effect of the use of locally available industrial waste material such as LP as a partial
substitution of SF [49]. The use of LP decreases the compressive strength of UHPC by 5.65%
when the content of LP increases to 4% of the binder compared to the reference specimen
with SF only.

LP can significantly improve the workability of UHPC as shown in Table 9. Li et al.
insisted that LP can be regarded as a mineral plasticizer that improves the flowability of
the UHPC [57]. The 37.3% replacement ratio of cement with LP results in 45.1% higher
flowability than that of the reference specimen that contains SF only. The plasticization
effect of LP increases the workability of UHPC because of the repulsion between OH- group
localized on the Ca2+ surface and its lower water absorption [57]. Yang et al. found that
the use of LP as a partial substitution of cement can enhance the flowability of UHPC [59].
The 14% replacement ratio of cement with LP increases the flow diameter by 65.5% than
the reference specimen with SF only. This can be attributed to the higher w/c ratio as a
part of cement is replaced with LP. Ahmad et al. also found that the use of LP increases the
flowability of UHPC by 10.9% when the content of LP is 4% of the binder compared to the
reference specimen with SF only [49].

Table 9. The effect of LP on the flowability of UHPC.

SCMs

Flowability
(mm (% to the Ref.)) w/b

Ratio
SP/B
Ratio

Agg/b
Ratio

Type Ref.

Slump
Flow

Flow
Table

Mini
Slump

LP (4%) + SF 255
(10.9%) 0.15 3.57% 0.90 Mortar + Steel

fiber (2 vol.%) [49]

LP (14%) + SF + FA 240
(65.5%) 0.16 2.20% 0.85 Mortar [59]

LP (37.3%) + SF 450
(45.1%) 0.20 1.30% 0.78 Mortar [57]

LP can lower the shrinkage of UHPC by reducing the amount of cement in UHPC as
shown in Table 10. Li et al. found that a 57.2% replacement ratio of cement with LP can
improve the total shrinkage of UHPC compared to that of the reference specimen with SF
only [57]. The study insisted that the lower amount of cement in UHPC replaced with LP
slows down the hydration and reduces the hydration products, and, thus, results in the
lower autogenous shrinkage. It should be pointed out, however, that the high content of LP
up to 78.1% of the binder provides more free water, and, thus, drying shrinkage increases. In
consequence, the total shrinkage decreases because the reduction in autogenous shrinkage
is greater than the increase in drying shrinkage. Yang et al. also reported that replacing
14% cement with LP reduces the autogenous and dry shrinkage compared to the reference
specimen with SF only [59].

345



Materials 2021, 14, 1472

Table 10. The effect of LP on the shrinkage of UHPC.

SCMs
Shrinkage w/b

Ratio

Binder Weight Ratio
Ref.

Auto Dry Total Cement LP SF

LP (57.2) + SF Low 0.20 0.39 0.57 0.04 [57]
LP (14%) + SF + FA Low Low Low 0.16 0.49 0.39 0.12 [59]

Although three different mechanisms of how LP increases the compressive strength of
UHPC have been proposed, the actual performance of LP in UHPC is debatable. From the
literature, it was confirmed that LP increases the workability of UPHC. Therefore, the
mechanism of LP to improve the compressive strength of UHPC by reducing water content
seems appropriate. The finer LP enhances the compressive strength of UHPC by accel-
erating the cement hydration. Some studies insisted that the addition of LP decreases
the amount of cement in UHPC, which degrades the compressive strength of UHPC.
However, their dosages are lower than the other studies showing higher compressive
strength with LP, and, therefore, other unknown factors of LP were assumed to degrade
the compressive strength.

3.4. Metakaolin (MK)

MK obtained by calcining kaolin has the main chemical composition of alumina and
silica, and, therefore, MK is also a pozzolanic material. Studies have reported that MK
increases the durability of concrete: low permeability, high resistance against frost, and
chemical attack [81–83].

The effect of MK on the UHPC compressive strength is summarized in Table 11.
The use of MK only seems to increase the early age compressive strength of UHPC but
decreases the late age compressive strength of UHPC. Li et al. found that replacing
cement with MK can improve early age compressive strength but the late age compressive
strength is decreased compared to UHPC with SF only [63]. It was found that the 16.7%
replacement ratio of cement with MK results in 47% higher 1-day compressive strength
than the reference specimen with SF only because the use of MK improves the cement
hydration at an early age. However, it decreases the 28-day compressive strength by 11.8%
compared to the reference sample, of which impact is less significant compared to that of
1-day compressive strength. Tafraoui et al. found a replacement of SF of 20% with MK
decreasing the 28-day compressive strength of UHPC by 26.1% with steam curing, and by
5.8% with water curing, respectively [61,62]. The more significant loss of 26.1% compared
to 5.8%, even with the same dosage of MK, is because of the usage of the crushed quartz
that can lower the compactness by a looseness of granular stacking.

Table 11. The effect of MK on the compressive strength of UHPC.

SCMs
Compressive Strength

(MPa @ Age
(% to the Ref.))

w/b Ratio
Curing
Method

Specimen Size
(mm)

Other Solid
Ingredients

Ref.

MK (20%) + SF
119, 178, 183 @ 28

(−26.1%, 8.7%, −13.7%)
(23 ◦C, 90 ◦C, 150 ◦C)

0.22
Water at 23 ◦C;
and steam at 90

and 150 ◦C
40 × 40 × 160 Cement (CEM I 42.5),

Sand [61]

MK (20%) + SF 146 @ 28 (−5.8%) 0.22 Water 40 × 40 × 160 Cement (CEM I 52.5
N), Sand [62]

MK (16.7%)
106 @ 3 (47.0%)

134 @ 28 (−11.8%) 0.20 Water 50 cube Cement (CEM III),
Sand [63]

NMK (1%) + MK
120 @ 3 (−0.8%)
146 @ 7 (−1.3%)
178 @ 28 (7.9%)

0.20 Heat 100 cube Cement (CEM I),
Sand, Coarse agg. [64]

MK (6.9%) + SF 163.8 @ 28 (9.3%) 0.25 Sealed 50 cube

GGBS, SF, Potassium,
Sand

(Alkali-activated
material)

[65]

346



Materials 2021, 14, 1472

NMK may overcome the degradation of the UPHC compressive strength caused by
MK. Muhd Norhasri et al. indicated that the inclusion of NMK in UHPC can achieve
a similar compressive strength at early ages compared to the UHPC with MK only [64].
NMK inclusion of 1% in UHPC can increase the compressive strength of UHPC at 28 days
by 7.9% than that of the reference specimen with MK only because nano-MK provides a
moderate ultra-filling effect in densifying the UHPC. The disadvantage of NMK is that it
decreases the workability of UPHC; 1% NMK in UHPC decreases the slump flow by 2.4%
because of the higher surface of NMK than that of MK (See Table 12).

Table 12. The effect of MK on the flowability of UHPC.

SCMs

Flowability
(mm (% to the Ref.)) w/b

Ratio
SP/b
Ratio

Agg/b
Ratio

Type Ref.
Slump
Flow

Flow
Table

Mini
Slump

NMK (1%) + MK 162
(−2.4%) 0.20 2.00% 1.00 Mortar [64]

The effect of MK on the shrinkage of UHPC can be different concerning the type of
shrinkage measured as shown in Table 13. Li and Rangaraju studied the effect of MK on the
shrinkage of UHPC [63]. The addition of MK of 16.7% increases the autogenous shrinkage
by 0.16%, but it decreases the drying shrinkage by 0.1%. However, no clear explanation of
the different effects of MK on the different types of shrinkage is proposed.

Table 13. The effect of MK on the shrinkage of UHPC.

SCMs
Shrinkage w/b

Ratio

Binder Weight Ratio
Ref.

Auto Dry Total Cement MK SF

MK (16.7%) High Low 0.20 0.83 0.17 - [63]

MK can be incorporated in alkali-activated material (AAM). Wetzel and Middendorf
introduced the UHPC made by AAM. Slag, MK, and SF were mixed with hydroxide
solution and glass water [65]. The specimens were cured at 60 ◦C and exhibit a compressive
strength at 28 days over 150 MPa. The alkalinity of AAM is higher than ordinary Portland
cement; the pH of AAM is usually over 14, whereas that of ordinary Portland cement
is 12.6–13.5. Due to the highly alkaline environment of AAM, SF even increases the
workability of UPHC and MK reduces much less than the case of ordinary Portland cement.
As a result, AAM concrete shows good workability. MK creates the geopolymer network
of Si-O-T (Si, Al) in AAM which increases the chemical attack resistance of UHPC.

MK tends to decrease the compressive strength of UHPC. It decreases the workability
of UHPC and its beneficial effect on the shrinkage is not clear. Based on the fact that MK is
not naturally stored but needs to be calcined, it also is difficult to find the merits of MK
in material cost and CO2 emission compared to slag, FA, or LP. Therefore, the usage of
MK in UHPC seems not suitable. However, another possible application was found; the
geopolymer or alkali-activated concrete resulted in a compressive strength of over 150 MPa.
As geopolymer is well known for its lower CO2 emission compared to OPC, developing
geopolymer UHPC with MK can be an interesting research subject.

3.5. Other SCMs

Studies adopting other SCMs that do not belong to the SCM categories of slag, FA,
LP, and MK to reduce the amount of cement and SF in UPHC are summarized in this
subsection. Here are the summaries of the studies reviewed in this paper. Tables 14–16
summarize the effects of other SCMs on the compressive strength, the flowability, and the
shrinkage of UHPC, respectively.
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Table 14. The effect of other SCMs on the compressive strength of UHPC.

SCMs

Compressive
Strength

(MPa @ Age
(% to the Ref.))

w/b
Ratio

Curing Method
Specimen Size

(mm)
Other Solid
Ingredients

Ref.

RHA (10%) + SF

135 @ 3 (10.6%)
155 @ 7 (5.3%)

185 @ 28 (8.8%)
205 @ 91 (4.1%)

0.18 Moisture 40 cube Cement (CEM I 52.5
N), Sand [66]

NP (11.8%) + S 152 @ 28 (−4.3%) 0.15 Water 50 cube
Cement (CEM I),

Sand, Steel fiber (2
vol.%)

[49]

NP (24%) + SF

110 @ 7 (−11.4%)
124.5 @ 14 (−6.3%)
130.6 @ 28 (−8.7%)
151 @ 90 (−6.6%)

0.15 Water 100 cube
Cement (CEM I),

Sand, Steel fiber (2
vol.%)

[67]

NMC (1–9%)
+ MK

100 @ 3 (−16.7%)
130 @ 7 (−13.3%)
160 @ 28 (−3.0%)
179 @ 90 (6.5%)

0.20 Heat 100 cube Cement (CEM I),
Sand, Coarse agg. [68]

DCP (≤ 9%) + SF + LP
45 @ 3 (−0.8%)
65 @ 7 (−0.3%)

100 @ 28 (−0.6%)
0.18 Water 40 × 40 × 160 Cement (CEM I 52.5),

Sand [69]

CKD (4%) + SF 154 @ 28 (−5.6%) 0.15 Water 50 cube
Cement (CEM I),

Sand, Steel fiber (2
vol.%)

[49]

GGP (11.5%) +SF 188 @ 28 (15.4%) 0.18 Autoclave 40 × 40 × 160
Cement (CEM I 42.5

R), Sand, Steel fiber (2
vol.%)

[70]

FGP (6%) +SF

125 @ 7 (7.1%)
175 @ 28 (5.0%)
183 @ 56 (4.8%)
196 @ 91 (7.7%)

0.19 Sealed 50 cube Cement (CEM HS),
Sand, Quartz powder [71]

BP (14%)
+ SF + FA

90 @ 7 (−16.7%)
120 @ 28 (−1.1%)

130 @ 56 (−10.9%)
0.16 Water 40 × 40 × 160 Cement (CEM I),

Sand [59]

Table 15. The effect of other SCMs on the flowability of UHPC.

SCMs

Flowability
(mm (% to the Ref.)) w/b Ratio SP/b Ratio

Agg/b
Ratio

Type Ref.

Slump Flow Flow Table Mini Slump

DCP (9%) + SF + LP 255
(−18.9%) 0.18 3.00% 0.90 Mortar [69]

BP (14%) + SF + FA 230
(58.6%) 0.16 2.20% 0.85 Mortar [59]

FGP (6%) +SF 225
(18.4%) 0.19 1.25% 1.13 Mortar [71]

CKD (4%) + SF 220
(−4.3%) 0.15 3.57% 0.90 Mortar + Steel fiber

(2 vol.%) [49]

GGP (11.5%) + SF 200
(4.2%) 0.18 1.90% 1.18 Mortar + Steel fiber

(2 vol.%) [70]

NP (11.8%) + SF 195
(−15.2%) 0.15 3.57% 0.90 Mortar + Steel fiber

(2 vol.%) [49]

NP (24%) + SF 184
(−12.4%) 0.15 3.57% 0.89 Mortar + Steel fiber

(2 vol.%) [67]

NMC (1%) + MK 155
(−6.6%) 0.20 1.00% 1.53 Concrete [68]
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Table 16. The effect of other SCMs on the shrinkage of UHPC.

SCMs
Shrinkage

w/b Ratio
Binder Weight Ratio

Ref.
Auto Dry Total Cement SCMs SF

BP (14%) + SF + FA Low Low 0.16 0.49 0.39 0.12 [59]

3.5.1. Rice Husk Ash (RHA)

RHA obtained by burning rice husk has a very high specific surface area, higher than
250 m2/g. The small particle size and the amorphous structure of RHA make it a “highly
active pozzolan”. Van Tuan et al. indicated that cement hydration can be accelerated by
the addition of RHA of which mean particle size is 5.6 μm, and it can reduce porosity
and improve the compressive strength of concretes [66]. The 10% replacement ratio of
cement with RHA can increase compressive strength by 10.6% and 8.8% at 3 days and
28 days, respectively. It was also found when the grinding time increases to produce
the fine RHA, the pore structure of RHA is gradually collapsed resulting in the lower
porosity of RHA. This collapse of RHA can improve the compressive strength of UHPC.
It was also found that SF and RHA has a synergic effect on the compressive strength of
UHPC; the SF contributes to the early age compressive strength, while RHA to the late age
compressive strength.

3.5.2. Natural Pozzolan (NP)

NP obtained from volcanic rocks is a raw material that shows pozzolanic properties
so it can lower both costs and CO2 emission of concrete. The content of NP up to 11.8% of
binder in UHPC decreases the compressive strength at 28 days by 4.3% compared to the
reference specimen with SF only [67]. It was found that the replacement of 24% cement
with NP decreases the compressive strength at all ages compared to the reference specimen
without NP, but the compressive strength of UHPC is still over 150 MPa at 90 days. NP also
decreases the flowability by 15.2% because of its higher specific surface area (6666 cm2/g)
than that of Portland cement (3700 cm2/g)

3.5.3. Nano-Metaclay (NMC)

Norhasri et al. adopted the NMC made from nanoclay which undergoes calcination
for 3 h [68]. The particle size of NMC is very small, as much as 20 nm, which increases
the water demand and retards cement hydration. The replacement of the cement of 1%
with NMC decreases the compressive strength by 16.7%, 13.3%, and 3.0% compared to the
reference specimen with MK only at 3 days, 7 days, and 28 days, respectively. However,
the use of NMC increases the 90-day compressive strength by 6.5% because it can fill pores
and yield a pozzolanic reaction at late ages. The higher surface area of NMC than that of
cement and MK led to decreases in workability; the 1% inclusion of NMC in the UHPC
paste reduces the slump flow of UHPC by 6.6% compared to the reference specimen.

3.5.4. Dehydrated Cementitious Powder (DCP)

DCP can be obtained from recycled construction waste cementitious materials by
heating up to 1000 ◦C. High temperature dehydrates hydrated products such as ettringite,
CSH gel and Ca(OH)2. The dehydrated hydration product will rebuild new hydration
products, which are similar to the initial hydration products. Since high temperature is
essential to produce DCP from construction wastes, it may not reduce the CO2 emission;
however, it can resolve an issue with a large amount of construction wastes. Qian et al.
found that the replacement of cement up to 9% with DCP almost has no significant effect on
the compressive strength of UHPC compared to the reference specimen with SF only [69].
However, DCP decreases the flowability by 18.9% because of the higher water demand
caused by its larger specific surface area. It was also observed that the internal unstable
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CSH structure and the rehydration of CaO and other substances in DCP consume more
water after heating treatment.

3.5.5. Cement Kiln Dust (CKD)

Ahmad et al. studied the effect of CKD on the compressive strength of UHPC as a
partial substitution of SF [49]. CKD is the fine-grained, solid, and strong alkaline waste
removed from cement kiln exhaust gas by air pollution control devices in a cement plant.
The content of CKD of up to 4% of the binder can obtain the compressive strength of
over 150 MPa at 28 days but still 5.6% lower than that of reference specimen with SF.
The addition of CKD decreased the mini-slump value by 4.3% compared to the reference
mix. This is attributed to the high CaO content in CKD up to 49.3%. It is reported that the
high CaO content in CKD increases the water demand.

3.5.6. Ground Granite Powder (GGP)

GGP can be obtained from stone processing plants. Since GGP is an industrial waste,
it can reduce the cost of UHPC by replacing parts of the SF and cement. The pore structure
of the cement matrix is improved mainly because GGP is finer than cement, and it can
help fill the pores in the hardened cement matrix. It was found that the replacement of
11.5% cement with GGP increases the compressive strength by 15.4% at 28 days than the
reference specimen without GGP [70]. Since GGP works as a filler and does not have a
pozzolanic reaction in UHPC, the GGP over an optimum amount yielded lower strength.
GGP increases the workability of UHPC because GGP lowers the viscosity of the UHPC
mortar as it does not react with cementitious material, resulting in increased the flowability
by 4.2% compared to the reference specimen.

3.5.7. Basalt Stone Powder (BP)

Yang et al. exploited a BP to reduce the cement amount in UHPC. BP is a type of
stone powder obtained from aggregate and its main particle size is around 10–50 μm [59].
The replacement of 14% cement with BP results in a compressive strength of 16.7%, 1.1%,
and 10.9% lower at 7, 28, and 56 days, respectively, compared to the reference specimen
with SF and FA only because BP has no chemical effect in cement hydration and only
plays a role as filler in UHPC. BP can improve the flowability resulting in a 58.3% higher
flowability than that of the reference specimen. This can be attributed to the dilution effect
of the added BP and its lower water absorption. That BP decreases the shrinkage of UHPC
was also found. The BP dosage of 14% to the total binder resulted in lower autogenous and
drying shrinkage because the usage of BP reduces the amount of cement in UHPC, and BP
can make the microstructure denser so that the surface water evaporates slowly compared
to the reference specimen with SF and FA only.

3.5.8. Fine Glass Powder (FGP)

Soliman and Tagnit-Hamou found that the use of FGP as a partial substitution of SF
can improve both compressive strength and workability [71]. When replacing SF with FGP
up to 6% of the total binder, the 28-day compressive strength of UHPC increases by 5.0%
than the reference specimen with SF only. This is attributed to the pozzolanic reaction from
SF and FGP. The use of FGP also increases the workability and when the content of FGP up
to 6% of the binder the slump flow increases by 18.4% compared to the reference specimen
because FGP can decrease the water demand of UHPC with the lower surface area of FGP
than that of SF.

RHA and FGP are suitable to improve the compressive strength of UHPC at all ages.
The high pozzolanic reactivity of materials resulted in a beneficial effect on the compressive
strength. GCP also enhances the compressive strength; however, it works as a filler having
no chemical reactions with cement. Other SCMs introduced in this paper degrade the
compressive strength, and, therefore, the purpose of their application can be considered as
reducing environmental impacts.
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4. Environmental Evaluation

The purposes of the usage of SCMs are mainly to reduce material costs and to reduce
environmental burdens. Summarizing the comparison of material costs is impractical
because the industrial circumstances are different between regions. Therefore, this paper
provides a summary of the environmental impact data reviewed in this study.

This paper adopted the embodied carbon dioxide (e-CO2) and energy consumption
(e-Energy) data of the raw materials provided by the previous studies [84–86], as shown in
Table 17. The embodied CO2 and the embodied energy are based on the carbon footprint
per unit (kg/kg) of each material and the quantity of non-renewable energy per unit
(MJ/kg) of each raw material, respectively. The embodied CO2 of the UHPC per the unit
weight of 1 kg is calculated as the sum of the values obtained by multiplying the carbon
footprint values in Table 17 and the mass ratios of each raw material in Table 18; the
calculation method of the e-Energy of UHPC is similar to that of embodied CO2 except
using the e-Energy values in Table 17. However, since information is limited in the SCMs
of cement, SF, FA, GGBS, MK, and LP, the other SCMs reviewed in Section 3.5 could not be
analyzed. The fibers were not taken into account for the calculation because the fiber may
dilute the effect of SCMs as not all of the studies applied fibers. Superplasticizers were
also not included in the calculation because their dosage in UHPC is relatively very low
compared to other ingredients. It is noted that different names of the SCMs are classified to
a specific type of SCMs; for example, GGBS, SSP, FGGBS, LTS, SSP, etc. are considered to
have the same e-CO2 and e-Energy values as GGBS in Table 17. Additionally, the influence
of the curing method on e-CO2 and e-Energy was ignored. Therefore, the data provided in
this study have potential errors.

Table 17. The embodied carbon dioxide and energy consumption of the raw materials [84–86].

Items e-CO2 (kg/kg) e-Energy (MJ/kg)

Cement [85] 0.8300 4.7270
Water [85] 0.0003 0.0060

River sand [85] 0.0010 0.0220
Crushed stone [85] 0.0070 0.1130

Slag [85] 0.0190 1.5880
Fly ash [85] 0.0090 0.8330

Limestone powder [85] 0.0170 0.3500
Metakaolin [85] 0.4000 3.4800

Silica fume [84] 0.0140 0.1000
Sodium silicate [86] 1.5140 18.3000

Table 18. The summary of the e-CO2 and the e-Energy of the UHPC reviewed in this study.

Category Binder Mix Design
Water
(wt.%)

Binder (wt.%)
Aggregate

(wt.%) e-CO2

(kg/kg)
e-Energy
(MJ/m3) Ref.

Cement Slag FA LP MK SF Fine Coarse

Slag LTS (10%) + SF 9 38 5 0 0 0 5 43 0 0.321 1.906 [50]
PSS (4%) + MS 7 39 2 0 0 0 8 44 0 0.324 1.885 [49]

GGBS (30%) 7 26 11 0 0 0 0 56 0 0.218 1.415 [43]
SSP (16.9%) + SF 5 28 7 0 0 0 7 39 13 0.239 1.487 [46]

FGGBS (8.4%) + SF + BA 8 37 5 9 0 0 5 37 0 0.307 1.890 [40]
CS (16%) + SF 7 32 8 0 0 0 10 43 0 0.265 1.636 [51]

GGBS (23.6%) + SF 7 28 11 0 0 0 8 47 0 0.238 1.525 [45]
GGBS (20%) + SF 7 25 8 0 0 0 8 51 0 0.211 1.335 [44]

SSP (15%) + LP + SF 7 25 7 0 9 0 5 46 0 0.215 1.362 [12]
PS (35%) + SF 7 23 16 0 0 0 7 47 0 0.199 1.382 [48]

GGBS (38.5%) + SF 8 18 15 0 0 0 5 55 0 0.152 1.091 [42]
FGGBS (38.5%) + SF 8 18 15 0 0 0 5 55 0 0.152 1.091 [42]

GGBS (30%) + SF 7 21 14 0 0 0 12 46 0 0.178 1.228 [41]
GGBS (25.5%) + SF + BA 8 21 15 9 0 0 9 38 0 0.183 1.341 [40]

PS (27.4%) + SF + FA 8 22 11 9 0 0 6 44 0 0.190 1.325 [47]
GGBS (60%) + SF 11 16 32 0 0 0 5 37 0 0.138 1.262 [39]
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Table 18. Cont.

Category Binder Mix Design
Water
(wt.%)

Binder (wt.%)
Aggregate

(wt.%) e-CO2

(kg/kg)
e-Energy
(MJ/m3) Ref.

Cement Slag FA LP MK SF Fine Coarse

FA FA (38.5%) + SF 8 18 0 15 0 0 5 55 0 0.150 0.981 [42]
BA (15.7%) + SF 8 37 0 9 0 0 9 38 0 0.306 1.821 [40]
FA (12.8%) + SF 8 37 0 7 0 0 9 38 0 0.313 1.847 [40]

FFA (34.1%) + SF 7 27 0 15 0 0 2 48 0 0.228 1.425 [56]
FA (20%) + SF 8 30 0 8 0 0 2 52 0 0.250 1.496 [53]

FA (20%) + MK (3.8%) 17 64 0 17 0 3 0 0 0 0.541 3.252 [55]
FA (30%) + SF 8 23 0 10 0 0 0 30 29 0.193 1.203 [52]

FA (11.8%) + SF 7 39 0 6 0 0 4 44 0 0.328 1.923 [49]
FA (7.4%) + GGBS + SF 7 30 4 4 0 0 9 47 0 0.250 1.520 [54]

FA (15%) + SF 8 28 0 7 0 0 12 46 0 0.233 1.391 [41]

LP LP (32%) + SF 9 39 0 0 22 0 9 21 0 0.326 1.917 [58]
NC (3.2%) + SF 8 38 0 0 2 0 10 42 0 0.318 1.823 [60]
LP (37.3%) + SF 10 29 0 0 19 0 3 39 0 0.241 1.427 [57]

LP (14%) + SF + FA 8 24 0 12 7 0 6 42 0 0.206 1.297 [59]
LP (4%) + SF 7 39 0 0 2 0 8 44 0 0.327 1.874 [49]

MK NMK (1%) + MK 7 33 0 0 0 4 0 20 36 0.290 1.730 [64]
MK (20%) + SF 9 33 0 0 0 8 0 49 0 0.309 1.870 [61]

MK (16.7%) 8 34 0 0 0 7 0 51 0 0.310 1.856 [63]
MK (6.9%) + SF (1) 10 0 21 0 0 2 2 50 0 0.240 3.162 [65]

The values of water, solid binder, and aggregate are the mass ratio. (1) The specimen is an alkali-activated material and its mix design was
deduced based on the mixing ratio described in the paper. It was assumed that the mass ratio of sodium silicate used is approximately 0.15,
and that the mass ratio of fine aggregate is 0.50.

The relationship between e-CO2 and e-Energy is almost linear as shown in Figure 1
indicating that the energy used to produce the material also generates CO2 proportionally.
Therefore, the e-CO2 data are used to investigate the environmental impact of the UHPC
mix designs reviewed in this study. Figure 2 shows the summary of the e-CO2 and the
28-day compressive strength of the UHPCs. The bar graph corresponds to the 28-day
compressive strength of the left Y-axis and the line plot to the e-CO2 data of the right
Y-axis, and the hatched ones mean that the specimen was thermally treated. The data are
divided by the type of SCMs used and, then, sorted by the 28-day compressive strength
in descending order. More detailed information on the e-CO2 and e-Energy can also be
found in Table 18. It can be concluded that the 28-day compressive strength of UHPC is
not always correlated to the e-CO2 data. This implies the possibilities of optimizing the
UHPC mix design for higher compressive strength as well as the lower e-CO2 of UHPC.
However, the investigation on the e-CO2 and e-Energy of various types of SCMs should
be preceded for the accurate analysis. Slag seems to have a lower environmental impact
compared to other SCMs because of its higher dosage. Therefore, the applicable dosage
of raw SCM material is also an important factor contributing to the decrease in the e-CO2
of UHPC. It is believed that the summary data can show a comprehensive understanding
of which SCMs are more efficient to reduce the environmental impact and to have higher
compressive strength.
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Figure 1. The linear relationship between e-CO2 and e-Energy.

Figure 2. The 28-days compressive strength and the e-CO2 of the UHPC reviewed in this paper.

5. Conclusions

This paper reviewed the effect of SCMs on the properties of UHPC. The various types
of SCMs such as slag, FA, LP, MK, and others were successfully applied to UHPC, satisfying
material requirements such as compressive strength. Based on the discussions, their effects
are summarized as follows:
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(1) The main purposes of the usage of SCMs are to decrease the material cost and the
environmental impact caused during material production by a partial replacement
of cement or silica fume. Since most SCMs are industrial by-products from plants or
naturally occurring resources, the usage of SCMs corresponds well to this purpose;
it was confirmed that the e-CO2 of UHPC is lower when the dosage of an SCM
is higher.

(2) Slag tends to decrease the compressive strength of UHPC at an early age because of
the slow hydration of slag, but it increases the late age compressive strength through
the pozzolanic reaction between slag and Ca(OH)2 that increases the packing density
of the UHPC. The finer particle size of slag exhibits higher compressive strength.
Slag also increases the workability of UHPC because of its lower water absorption
compared to cement.

(3) FA degrades the compressive strength of UHPC; however, some of the FFA can
enhance compressive strength. The ternary use of SCMs including FA can be another
feasible option to reduce the amount of cement in UHPC. The effect of FA on the
workability of UPHC is different among studies. It is also proved that FA is effective
to reduce the shrinkage of UHPC.

(4) LP enhances the compressive strength of UHPC with the three mechanisms: (i) LP
decreases the water demand of UHPC, that is, it increases the workability of UHPC,
(ii) LP has a pozzolanic reaction with SF, which increases the late age compressive
strength, and (iii) LP can accelerate the cement hydration. However, some cases that
LP degrades the compressive strength of UHPC were observed. LP can decrease the
shrinkage of UHPC by reducing the amount of cement in UHPC.

(5) MK seems to increase the early age compressive strength of UHPC, but decreases the
late age compressive strength. It was confirmed that the MK of the finer particle size
can overcome the degradation of the early age compressive strength. It was reported
that MK decreases the autogenous shrinkage while it increases the drying shrinkage.
Another application of MK was found; the alkali-activated material synthesized using
slag, MK, and sodium silicate solution results in the proper compressive strength over
150 MPa.

(6) Other SCMs are also introduced. RHA has a synergic effect on the compressive
strength of UHPC resulting in the higher compressive strength at both early and late
age compared to the reference specimen only with SF. NP decreases the compressive
strength of UHPC at all ages; however, it results in the compressive strength of
UHPC over 150 MPa at 90 days. NMC increases the late age compressive strength of
UHPC because it yields a pozzolanic reaction at late ages. DCP and CDK degrade the
compressive strength of UHPC because they increase the water demand. GCP is a
good source of SCM; it improves both the compressive strength at 28 days and the
flowability of UHPC. GCP does not chemically react in UHPC but works as a filler.
BP was confirmed to decrease the compressive strength of UHPC, but it increases the
workability. Partial substitution of SF with FGP can improve both the compressive
strength because of its pozzolanic reaction and advance the workability of UHPC
because of the lower surface area compared to SF.

Although this paper examined the effect of extensively various SCMs on UHPC
properties, the properties themselves are limited in compressive strength, flowability,
shrinkage, and environmental impact. Due to the small number of studies found in
the literature, other important properties of UHPC such as tensile strength, modulus of
elasticity, and fracture energy were not able to be summarized in this paper. Therefore,
further studies should be proceeded for a review of the effect of SCMs on those properties.
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Abbreviations

BA Bottom Ash
BP Basalt stone Powder
CKD Cement Kiln Dust
CS Copper Slag
DCP Dehydrated Cementitious Powder
FA Fly Ash
FFA Fine Fly Ash
FGGBS Fine Ground Granulated Blast-furnace Slag
FGP Fine Glass Powder
GGBS Ground Granulated Blast-furnace Slag
GGP Ground Granite Powder
LP Limestone Powder
LTS Lithium Slag
MK Metakaolin
NC Nano Calcium carbonate
NMC Nano Metaclay
NMK Nano Metakaolin
NP Natural Pozzolan
OPC Ordinary Portland Cement
PS Phosphorous Slag
PSS Pulverized Steel Slag
RHA Rice Husk Ash
SF Silica Fume
SSP Steel Slag Powder
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Abstract: This numerical study investigates the structural performance of railway sleepers made of
ultra high-performance concrete (UHPC). First, numerical concrete sleepers are developed, and the
tensile stress-strain relationship obtained from the direct tension test on the UHPC coupons is used
for the tensile constitutive model after applying a fiber orientation reduction factor. The numerical
sleeper models are validated with the experimental data in terms of the force and crack-width
relationship. Second, using the developed models, a parametric study is performed to investigate
the performance of the UHPC sleepers while considering various design/mechanical/geometrical
parameters: steel fiber contents, size of the cross-section, and diameter and strength of prestressing
(PS) tendons. The simulation results indicate that the size of the cross-section has the most impacts
on the performance, while the effect of yielding strengths of PS tendons is minimal among all the
parameters. Engineers need to pay attention to efficiency and an economical factor when using a
larger cross-section, since sleepers with larger cross-sections can be an over-designed sleeper. This
study suggests an economical design factor for engineers to evaluate what combination of parameters
would be economical designs.

Keywords: ultra high-performance concrete (UHPC); railway sleeper; static bending test; numerical
simulation; structural performance

1. Introduction

In a railway track structure system, sleepers (or ties) perform critical functions by
transferring and distributing train loadings from rail to ballast or concrete slab. The
critical components undergo repeated train loading and impact loading; however, the
exact load transfer mechanism within the sleeper is still unclear due to uneven ballast
support conditions and irregular surface conditions of rail and wheels. Due to inaccurately
identified loads and support conditions, various parts of sleepers can have damages such as
center-binding crack, and flexural and/or shear cracks at the rail-seat section. Nowadays,
the railway industry has paid more attention to how to improve the service life of sleepers
not only because of increasing axle loads, speed, and traffic volume, but also because of
increasing maintenance costs including expensive sleeper replacing costs [1].

Concrete has been widely used for manufacturing sleepers in the world [2], and vari-
ous attempts have been carried out to complement the brittle nature of the material. Cracks
in concrete sleepers have been widely investigated and identified that it is mainly attributed
to the material brittleness, particularly under dynamic loadings [1,3]. Although the tensile
crack development in concrete is inevitable, it is revealed that the crack propagation can be
effectively controlled by using various types of discontinuous reinforcements such as steel
fibers [4]. Similarly, various efforts have also been made for concrete sleeper applications
to enhance material ductility using fibers [5–8]. For example, Ramezanianpour et al. [5]
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used polypropylene fiber to enhance the tensile and flexural strength, and the durability of
concrete by reducing chloride diffusion, water penetration, and sorptivity. Shin et al. [6]
concluded that the use of 0.75% of steel fibers results in enhanced static and impact flexural
capacity and toughness. Yang et al. [7] revealed that the concrete sleepers reinforced with
steel fibers showed increased flexural and fatigue capacity at the rail-seat section compared
with conventional concrete sleepers with conventional stirrups, since the concrete sleepers
with steel fibers can mitigate crack propagation and prevent brittle shear failure.

For an efficient massive concrete sleeper production process in a precast concrete
facility, high strength concretes are generally used in order to promote early demolding
and applying prestressing forces. Therefore, many national and international standards
require specified minimum compressive strength of concrete for sleeper applications, e.g.,
C45/55 MPa in European standards [9], 50 MPa in Australia [10], and C50/60 MPa in
the International Union of Railways recommendation [11]. Ultra high-performance con-
crete (UHPC) is one of the most advanced cement-based materials showing a compressive
strength at 28 days higher than 150 MPa [12], which possesses strong potentials to extend
the service lives of structures with various engineering merits including high ductility [13],
durability [14], abrasion resistance [15], and impact resistance [16]. Recently, the authors re-
vealed that the adoption of UHPC in railway sleepers resulted in stable structural behavior
and outstanding crack resistance capability even after initial cracks developed [17].

Wide-width concrete sleepers are one of the special types of sleepers, which can
significantly reduce the burden of ballast and track substructures due to a larger contact
area. The large contact areas of the wide sleepers enable to reduce vibration values, extends
maintenance intervals, and the life of the track system [18,19]. With these advantages, the
range of applications of the wide concrete sleepers is getting higher from general lines to
highly loaded areas such as transitional zones between earthwork, bridges, and tunnels.

Recently, there have been great efforts to study the numerical models of reinforced
concrete structures by considering the nonlinearity of concrete behavior, bond strength, the
stochastic natures of concrete, etc. Sucharda et al. [20] presented the nonlinear behavior of
reinforced concrete beams without shear reinforcement using a stochastic model. In their
concrete model, they incorporated the uncertainties in the concrete properties and studied
the sensitivity to input parameters including fracture energy, Gf. Instead of performing a
direct tension test on concrete, they conducted splitting, three-point bending, and four-point
bending tests. In their study, they reported that the ratio of the maximum to minimum loads
is not necessarily corresponding to the limit of the input parameters. Valikhani et al. [21]
studied numerical modeling of bonding of regular concrete and UHPC since UHPC can
be used for the repair of concrete structures. In order to model the interface between
concrete and UHPC, they used a zero-thickness volume element with post-failure tension-
separation laws. They demonstrated the importance of the interface between two different
materials. Shin and Yu [22] presented a numerical study on the splitting performance of
prestressed concrete prisms by incorporating bond-slip behavior of prestressed concrete
using a cohesive element. They used a user-defined material model to describe the bond-
slip behavior at the interface.

In this research, a numerical model of wide-type UHPC sleepers with respect to
different amounts of fiber contents are developed and compared to the experimental tests.
A direct tension test is performed and used for obtaining nonlinear properties of UHPC in
tension. Using the developed models, a parametric study is performed to investigate the
structural performance of the sleepers with respect to the content of steel fibers, the diameter
of the prestressing tendons, and the yielding strength of PS tendons. The commercial finite
element program ABAQUS is used in this study [23].

2. Mix Design and Fabrication of UHPC Sleeper

Wide-width concrete sleepers were manufactured using UHPC mixtures with three
levels of fiber contents, mainly 0.5%, 1.0%, and 1.5%. The detailed mix proportion of
the UHPC mixtures and the mixing procedures can be found in Bae and Pyo [8]. The
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compressive strength was evaluated using a 50 mm cubic specimen and averaged from at
least three specimens. The compressive strengths of 0.5%, 1.0%, and 1.5%-UHPC specimens
at 28 days were 149, 160, and 159 MPa, respectively. In addition, tensile strength results
were adopted from Pyo et al. [24], where the tensile behavior of the similar UHPC mixture
without ground granulated blast furnace slag (GGBFS) was characterized by following the
JSCE recommendation [25]. The thickness of the tested tensile specimens was 30 mm-thick
according to the recommendation. Figure 1 shows the averaged stress-strain relationships
of UHPC with three levels of fiber contents under the direct tension test. For numerical
constitutive models, the experimentally obtained constitutive relationship data were used
to calibrate the uniaxial tensile behavior of three different concrete models. The solid lines
represent the experimental data [24] and the dashed lines the numerical models.

Figure 1. Experimentally obtained averaged stress-strain relationships under the direct tensile test on
the UHPC with various fiber volume contents and the corresponding numerical constitutive models.

Figure 2 shows the detailed layout of the fabricated UHPC sleepers in the previous
research [8,17], in which four PS tendons with diameters of 9.2 mm were used. Six sleepers
with the 1.0% fiber volume case and three sleepers with the 0.5% and 1.5% fiber volume
cases each were fabricated and tested. The fresh UHPC mixture was cast in the mold with
external vibration, similar to the conventional sleeper production protocol. The casted
UHPC sleepers were demolded after 24 h of curing and the sleepers were air-cured for an
additional 24 h. Then, the prestress forces were introduced with the post-tensioning method.
It is important to note that the prestress force was introduced without a post-tension duct
and a thin layer of coating was applied to the surface of the PS tendons.

Figure 2. Cont.
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Figure 2. Geometrical dimension of L-150 series sleeper (unit: mm): (a) top view; (b) front view;
(c) rail-seat section; (d) center section.

3. Finite Element Modeling

The brittle cracking model available in ABAQUS [23] is adopted to describe the brittle
failure nature of the concrete. Since the direct tensile stress and strain relationships were
available for three different levels of the steel fiber contents, the direct stress after cracking
and direct cracking strain data were computed and used to define concrete cracking
behaviors. Figure 1 shows the comparisons between the numerical and experimental
stress-strain relationships for the cracking models. The inelastic tensile strain is computed
by Equation (1).

εin
t = εcurrent

t − σcurrent
t

Eo
, (1)

where εin
t is the inelastic strain (direct cracking strain) in tension, εcurrent

t is the total strain,
σcurrent

t is the current stress level (direct stress after cracking), and Eo is the initial elastic
modulus of concrete [23]. For the simplicity and the elastic nature of the UHPC (with the
compressive strength of 150 MPa), the compression region of concrete is modeled as a
linear elastic model. Table 1 summarizes the important mechanical properties of concrete
and prestresssing tendon in the models. For the post-cracking behavior of the UHPC, the
direct stress onset of cracking was found to be 3.17 MPa, 6.52 MPa, and 5.58 MPa for the
UHPC with steel fiber content 0.5%, 1.0%, and 1.5%, respectively, from the direct tension
test. It is important to note that the direct stress onset of cracking of the UHPC with 1.0%
steel fiber content is slightly higher than that of the UPHC with 1.5% steel fiber content.
However, the ultimate strength of the UHPC with 1.5% steel fiber content is the highest
(see Figure 1).

In this study, a 2D model with plane stress elements (four-node plane stress element)
was adopted to describe the concrete body of a sleeper. The width of the sleeper is separately
defined at the various regions; the width of 360 mm was assigned to the rail-seat area, and
the width of 270 mm at the center section. The PS tendons were modeled as 1D truss model
(two-node linear truss element) with a specific area (132.95 mm2 = 2 × 66.48 mm2) at the
specific heights. The prestressing tendons were fully embedded into the concrete body.
Figure 3 shows the 2D numerical model developed in ABAQUS (ABAQUS 6.14, Dassault
Systèmes Simulia Corp, Providence, RI, USA). The total number of the elements and the
nodes were 1840 and 1985, respectively. Then, 69,000 N (1038 MPa) of the prestressing
force was assigned to each tendon. A pin and roller boundary conditions were assigned at
197 mm and 697 mm nodes from the free end. A point load was applied at 447 mm from
the free end on the top surface at the rail-seat section, similar to the experimental test. An
explicit dynamics analysis was performed for a quasi-static process [23].
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Table 1. Summary of the material properties.

Concrete

Young’s modulus 51.0 GPa

Compressive strength 150 MPa

Poisson’s ratio 0.2

Tensile strength (steel fiber 0.5%) 8.82 MPa

Tensile strength (steel fiber 1.0%) 15.6 MPa

Tensile strength (steel fiber 1.5%) 18.4 MPa

Direct stress onset of cracking
(steel fiber 0.5%) 3.17 MPa

Direct stress onset of cracking
(steel fiber 0.5%) 6.52 MPa

Direct stress onset of cracking
(steel fiber 0.5%) 5.58 MPa

Steel tendon

Young’s modulus 200 GPa

Yielding strength 1275 MPa

Poisson’s ratio 0.3

Figure 3. The 2D numerical sleeper model (a), its mesh (b), and the boundary conditions (c).

4. Comparisons with Experimental Data

4.1. Summary of the Testing at the Rail-Seat Section

A quasi-static three-point bending test according to European standards [9], was
conducted on three UHPC sleepers with 0.5% steel fiber contents, six sleepers with 1.0%
steel fiber contents, and three sleepers with 1.5% steel fiber contents. The centerline of
the actuator is placed at 447 mm away from the free end of the sleeper, and the supports
were placed 500 mm away from each other. Figure 4 shows a testing setup of the static
three-point bending test. The reference test load, Fro of 126.8 kN, was computed [17]. The
force and crack-width relationship of each sleeper was obtained and compared to each
other. Overall, the higher the steel fiber contents are, the higher load capacities become.
The 1.5% UHPC sleepers showed the highest failure forces and were able to mitigate the
crack propagation. In Section 4.2.2, the experimental force and crack-width relationships
together with numerical results are presented. The detail of the experimental tests and
results can be found in the previous study [8].
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Figure 4. Static bending test setup at the rail-seat section.

4.2. Validation of the Numerical Sleeper Models
4.2.1. Fiber Orientation Reduction Factor

The fiber orientation effect was considered, herein, when calibrating the experimen-
tally obtained tensile constitutive relationships of UHPC depicted in Figure 1. It is well
known that the tensile capacities of fiber reinforced concrete including UHPC principally
depends on the fiber properties including the distribution and volume fraction [26,27].
It should be pointed out that due to the relatively thin specimen used in the tensile test
(30 mm) [24], 19.5 mm long steel fibers tend to be aligned in a two-dimensional manner.
On the other hand, the discontinuous steel fibers can be assumed to be three-dimensionally
oriented in the 140 mm thick rail-seat section of the sleepers. The fiber orientation factors, α,
are known to be 2/π and 0.5 for two-dimensional and three-dimensional fiber orientations,
respectively [27,28]. Therefore, it is logical to adopt 0.785 (= 0.5

2/π ) as the fiber orientation
reduction factor in this numerical study. Figure 5 shows the adopted stress-strain curves in
the numerical analysis after considering 0.785 of the reduction factor, α. After the propor-
tional limit of the obtained stress-strain relationships, the strength is reduced by 21.5% of
the original strengths. Therefore, the constitutive relationships with α of 0.785 were used
in the numerical simulations.

Figure 5. Stress and strain curves after applying the reduction factor of 0.785 for tension.

4.2.2. Validation of the Numerical Models

Three numerical sleeper models were prepared: (1) with 0.5% steel fiber contents,
(2) with 1.0% steel fiber contents, and (3) with 1.5% steel fiber contents. A point load
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is applied at the center of the rail-seat section of the models. The applied load and the
crack widths were monitored and compared with the experimental tests. Figures 6–8 show
the comparisons of the force and crack-width curves between the numerical simulations
and the experimental tests. Overall, the numerical models agree well with the experi-
mental test results. The figures demonstrate that the sleeper models incorporated in this
study are capable of capturing the initial stiffness, yielding of the steel tendons, cracking
of the concrete, and the capacity of the sleepers due to the different level of steel fiber
contents. It is also worthwhile to note that the fiber orientation factor, α, of 0.785 is able
to describe the strength change in the UHPC of the sleepers from the coupon tests. In
addition, the 1% steel fiber UHPC sleeper tends to overestimate the strength, while 0.5%
and 1.5% steel fiber UHPC sleepers underestimate the ultimate strengths as compared to
the experimental results.

Figure 6. Comparison of the force and crack-width curves with 0.5% steel fiber UHPC at the
rail-seat section.

Figure 7. Comparison of the force and crack-width curves with 1.0% steel fiber UHPC at the
rail-seat section.
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Figure 8. Comparison of the force and crack-width curves with 1.5% steel fiber UHPC at the
rail-seat section.

5. Parametric Study

5.1. Design of Input Parameters

A parametric study was conducted with respect to the cross-sectional dimensions of
sleepers and different types of steel tendons and steel fiber contents in the UHPC using the
developed numerical sleeper models. In this parametric study, the structural performance
of the UHPC sleepers were explored in terms of the crack width, the load capacities, the
safety factor, and an economical design factor.

The important mechanical and geometrical parameters of the UHPC sleepers con-
sidered, herein, are as follows: (1) the cross-sectional dimensions, (2) the diameter of the
steel tendons, (3) the yielding strength of the PS tendons, and (4) the steel fiber content of
the UHPC. Table 2 summarizes the input values of each parameter. When the height of
the cross-section at the rail-seat (hr) changes, the height of the cross-section (hc) changes
accordingly. In addition, the locations of the steel tendons on top (P1) and bottom (P2)
have to be adjusted (see Figure 9). Three different heights at the rail-seat section have been
explored: 140 mm (L-type), 165 mm (M-type), and 195 mm (H-type). L, M, and H stands for
lower, medium, and high height of the cross-sections, respectively. In the railway industry
in South Korea, a 9.2 mm diameter tendon with 1080 MPa of the yielding strength has
been commonly used. However, there is a growing interest in adopting larger diameter
tendons and/or high strength steel such as 11.0 mm and 1275 MPa of the yielding strength
when manufacturing prestressed concrete sleepers. Three different levels of steel fiber
contents (0.5%, 1.0%, and 1.5%) are also explored. The total number of the simulation cases
is 21, and Table 3 summarizes the 21 different simulation cases. Specimen numbers 1~7
were designed to have 0.5% of steel fiber of the UHPC, specimen numbers 8~14, 1.0%, and
specimen numbers 15~21, 1.5%, respectively.
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Table 2. Summary of the input parameters.

Steel fiber contents (%) 0.5 1.0 1.5

Yielding stress of prestressing tendon (fy) (MPa) 1 080 1 275

Diameter of prestressing tendon (ϕ) (mm) 9.2 11.0

Cross-sectional parameters L-Type M-Type H-Type

Height of the rail-seat section, hr (mm)
(hr1, mm)

140
(125)

165
(150)

195
(180)

Height of the center section, hc (mm) 125 150 180

Location of the prestressing tendon, P1 (mm) 32.5 35 50

Location of the prestressing tendon, P2 (mm) 60 75 80

Figure 9. The schematics of the UHPC sleeper sections.

Table 3. Summary of the numerical concrete sleeper models and their nomenclatures.

Sp. No. Steel Fiber 0.5% Sp. No. Steel Fiber 1.0% Sp. No. Steel Fiber 1.5%

No.1 L-ϕ9.2-fy1 275 No.8 L-ϕ9.2-fy1 275 No.15 L-ϕ9.2-fy1 275

No.2 L-ϕ11.0-fy1 275 No9 L-ϕ11.0-fy1 275 No.16 L-ϕ11.0-fy1 275

No.3 L-ϕ11.0-fy1 080 No.10 L-ϕ11.0-fy1 080 No.17 L-ϕ11.0-fy1 080

No.4 M-ϕ09.2-fy1 275 No.11 M-ϕ9.2-fy1 275 No.18 M-ϕ9.2-fy1 275

No.5 M-ϕ09.2-fy1 080 No.12 M-ϕ9.2-fy1 080 No.19 M-ϕ9.2-fy1 080

No.6 H-ϕ09.2-fy1 275 No.13 H-ϕ9.2-fy1 275 No.20 H-ϕ9.2-fy1 275

No.7 H-ϕ09.2-fy1 080 No.14 H-ϕ9.2-fy1 080 No.21 H-ϕ9.2-fy1 080

5.2. Analysis Results
5.2.1. Cross-Sectional Dimensions: L, M and H

In order to discuss the effect of the cross-section sizes (L, M, and H), three simula-
tion results were presented in Table 4 and Figure 10 as examples: (1) L/9.2/1275/1.0%,
(2) M/9.2/1275/1.0%, and (3) H/9.2/1275/1.0%. In this discussion, the only variable is
the size of the cross-section, when other parameters are kept constant: the diameter of
the tendons is 9.2 mm, the yielding strength of the tendon is 1275 MPa, and the steel fiber
content is 1.0%. In general, the larger the cross-section is, the greater the loading capacity
of the sleepers becomes. In the figure, the simulation result of the sleeper with 140 mm
of hr, 9.2 mm of the diameter, 1275 MPa of fy (steel), and 1% of the steel fiber content
is represented by the black square line (L/9.2/1275/1%). ΔF1 means the change in the
applied load required between the force (Frr) when the crack width is about 0.01 mm and
the corresponding force (Fr0.05) when the crack width reaches about 0.05 mm. Higher

367



Materials 2021, 14, 2979

ΔF1 is observed from the larger section sleepers. This means that the larger cross-section
sleepers are capable of delaying crack propagations. In other words, when the cross-section
of the sleeper gets larger, the moment of inertia becomes greater, which results in increased
flexural rigidity and sustains higher moments without significant damages. After the crack
width reached 0.05 mm, the secant and tangent modulus of the force-crack width diagram
were gradually reduced. At approximately 0.12 mm crack width, the PS tendons reached
the yielding. Soon after the yielding of the prestressing tendons, the sleepers reached the
failure (FrB) of the rail-seat section due to the significantly reduced flexural rigidity. Similar
trends were observed when the steel fibers were 0.5% and 1.5% as well. The force and
crack-width graphs of other cases are presented in Section 5.2.3.

Table 4. Summary of the L, M, and H-type sleepers with the following parameters: 9.2 mm diameter, fy of 12,175 MPa and
1% steel fiber.

Simulation
Case

Rail-Seat
Section

Area
(mm2)

Force (kN)
Crack
Width
(mm)

100FrB/Area
ΔF1 (kN) =

(Fr0.05 −
Frr)

ΔF2 (kN) =
(FrB −
Fr0.05)

FrB/2.5Fr0

L/9.2/1
275/1.0% 47 200

Frr 230.4 0.008 6
1.02 158.4 91.2 1.51Fr0.05 388.8 0.056 4

FrB 480.0 1.28

M/9.2/1
275/1.0% 56 075

Frr 300.0 0.009
1.12 206.2 118.8 1.97Fr0.05 506.2 0.051

FrB 625.0 2.94

H/9.2/1
275/1.0% 66 725

Frr 400.8 0.009 4
1.25 276.5 158.7 2.63Fr0.05 676.3 0.052 8

FrB 835.0 1.988

Figure 10. The force-crack width diagram of the L, M, and L-type sleepers with 9.2 mm diameter,
1% steel fiber, and fy of 1275 MPa.

The ratio of the cross-sectional area of the M-type sleeper to the L-type sleeper, and
the ratio of the cross-sectional area of the H-type sleeper to the L sleeper are 1.19 and 1.41,
respectively, while the ΔF1 ratios of the M to L sleeper and H to L sleeper were 1.30 and
1.74, respectively. This means that the increased capacity ratios of the sleepers were higher
than the increased area ratios. The safety factor of each sleeper can be computed by FrB

2.5Fro
,
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where FrB and Fro is the force at the failure and the design reference force; Fro is 126.8 kN
and 2.5 is the dynamic factor [17]. L, M, and H’s safety index was found to be 1.51, 1.97,
and 2.64. Too large a safety index means the sleeper is over-designed. This study suggests
an economical design factor, which can be computed by 100FrB/Area. When this index is
close to 1, the sleeper is structurally sound and economical. The 100FrB/Area index value
of the L, M, and H sleepers were found to be 1.02, 1.12, and 1.25, which indicate that the
L-type sleeper is the most economical design.

5.2.2. The Diameter and the Yielding Strength of PS Tendons

Table 5 and Figure 11 shows the simulation results with respect to the diameter
and the yielding strength of the PS tendons when the steel fiber content was kept at
1.0%. Two different diameters of the PS tendons are explored: (1) 9.2 mm (smaller di-
ameter), and (2) 11.0 mm (larger diameter). In addition, 1080 MPa and 1275 MPa of
the yielding strength, fy are considered. As examples, five simulations are presented in
Table 5 and Figure 11: (1) L/9.2/1275/1.0%, (2) L/11.0/1275/1.0%, (3) L/11.0/1080/1.0%,
(4) H/9.2/1275/1.0%, and (5) H/9.2/1080/1.0%. Given that the cross-sections and the steel
fiber contents are kept constant, about 20% higher yielding strength PS tendons results
in only 4.4% and 9.5% increase in ΔF2 for H/9.2 types, and L/11.0 types, respectively.
This is due to the area of the PS tendons to the area of the cross-sectional area of concrete
being relatively low for the H/9.2 type. When using the larger diameter PS tendons, the
load capacities of the sleepers increase accordingly. When comparing the results between
L/9.2/1275/1.0% and L/11.0/1275/1.0%, the area of the larger diameter PS tendons is
1.43 times to that of the smaller diameter tendons; and the increase in Frr, Fr0.05, and FrB is
20%, 11%, and 20%, respectively. These results indicate that the use of the larger diameter
tendons would be more efficient than the use of the higher strength PS tendons in terms
of the load increase capacities. In addition, these simulation results give some insights
on whether sleeper (or crosstie) engineers would like to use a combination of (1) smaller
diameter with higher strength PS tendons or (2) larger diameter with lower strength PS
tendons. L/11.0/1080/1.0% case shows higher load capacities and safety factors than
those from L/9.2/1275/1.0%. However, when engineers prefer an economical design,
L/9.2/1275/1.0% can also be adopted since the safety factor is 1.51 and the 100FrB/Area
index is close to 1.0.

Figure 11. Force and crack width diagrams with respect to the diameter and the yielding strength of
the PS tendons (the steel fiber content was kept at a 1.0% constant).
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Table 5. Summary of the simulation results with respect to the diameter and the yielding strength of the PS tendons (the
steel fiber content was kept at a 1.0% constant).

Analysis
Case

Rail-Seat
Section

Area
(mm2)

Force (kN)
Crack
Width
(mm)

100FrB/Area
ΔF1 (kN) =

(Fr0.05 −
Frr)

ΔF2 (kN) =
(FrB −
Fr0.05)

FrB/2.5Fr0

L/9.2/1
275/1.0% 47 200

Frr 230.4 0.0086

1.02 158.4 91.2 1.51Fr0.05 388.8 0.0564

FrB 480.0 1.28

L/11.0/1
275/1.0% 47 200

Frr 276.0 0.0098

1.22 155.3 142.7 1.81Fr0.05 431.3 0.0452

FrB 575.0 7.292

L/11.0/1
080/1.0% 47 200

Frr 249.6 0.0115

1.10 171.6 98.8 1.64Fr0.05 421.2 0.0532

FrB 520.0 2.104

H/9.2/1
275/1.0% 66 725

Frr 400.8 0.0094

1.25 276.5 158.7 2.63Fr0.05 676.3 0.0528

FrB 835.0 1.988

H/9.2/1
080/1.0% 66 725

Frr 384.0 0.0084

1.12 264.0 152.0 2.52Fr0.05 648.0 0.0539

FrB 800.0 1.922

5.2.3. Steel Fiber Contents

This section presents the simulation results with respect to the steel fiber contents
(i.e., 0.5%, 1.0%, and 1.5%). Table 6 and Figure 12 show the summary of the results
of the six simulations used as examples: (1) L/9.2/1275/0.5%, (2) L/9.2/1275/1.0%,
(3) L/9.2/1275/1.5%, (4) H/9.2/1275/0.5%, (5) H/9.2/1275/1.0%, (6) H/9.2/1275/1.5%.
In general, as the steel fiber content increases, the load capacities, the safety factor, and the
economic design factor increase. For the smaller cross-section sleepers (L-type cases), the
use of 1.0% and 1.5% steel fiber contents results in the significant increase in the perfor-
mance compared to that of the sleeper with 0.5% steel fiber content. The performance of
L/9.2/1275/1.0% and L/9.2/1275/1.5% are similar to each other, and the increase in the
load capacities are only 3~6%; furthermore, the safety factor only increases to 1.56 (1.5%
of the steel fiber) from 1.51 (1.0% of the steel fiber). The performance of the L-type-0.5%
steel fiber sleeper is significantly lower than that of the sleepers with the higher steel fiber
contents. As observed, FrB

2.5Fro
is only 1.18 and 100FrB/Area is 0.79 for L/9.2/1275/0.5%.

For the larger cross-section sleepers (H-type cases), the trends are similar to those from the
L-type cases. The steel fiber 1.0% and 1.5% sleepers show good performance while the dif-
ference between two cases is not as great as the L-types. The H-type-0.5% steel fiber sleeper
shows lower load capacities and safety factors when compared to those of the higher steel
fiber content sleepers; 100FrB/Area is 0.94, which is still less than 1.0. When casting a
smaller cross-section UHPC sleeper (L-type case), the use of 0.5% steel fiber content is not
adequate. In addition, the difference in the performance of the sleepers between 1.0 and
1.5% steel fiber UHPC in terms of the force and crack-width at the rail-seat is not much
different. Therefore, 1.0% steel fiber UHPC can be an economical design choice. For the
larger cross-section sleepers, all three steel fiber contents would be acceptable. However,
instead of H-type 0.5% sleeper, M-type sleepers could be a good alternative since M-type
sleepers shows the similar performance while they are more economical. As an example,
the performance of M/9.2/1275/1.0% is similar to that of H/9.2/1275/0.5% in term of
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Frr, Fr0.05, FrB, the economical design factor, and the safety factor (see Tables 4 and 6). The
economical design factor, 100FrB/Area of the M-type was found to be 1.12, while that of
the H-type was 0.94.

Table 6. Summary of the simulation results with respect to the 0.5%, 1.0%, and 1.5% steel fiber contents.

Analysis
Case

Rail-Seat
Section

Area
(mm2)

Force (kN)
Crack
Width
(mm)

100FrB/Area
ΔF1 (kN) =

(Fr0.05 −
Frr)

ΔF2 (kN) =
(FrB −
Fr0.05)

FrB/2.5Fr0

L/9.2/1
275/0.5% 47 200

Frr 180.0 0.0103

0.79 101.3 93.7 1.18Fr0.05 281.3 0.0487

FrB 375.0 2.282

L/9.2/1
275/1.0% 47 200

Frr 230.4 0.0086

1.02 158.4 91.2 1.51Fr0.05 388.8 0.0564

FrB 480.0 1.28

L/9.2/1
275/1.5% 47 200

Frr 217.8 0.0108

1.05 183.1 94.1 1.56Fr0.05 400.9 0.0532

FrB 495.0 1.724

H/9.2/1
275/0.5% 66 725

Frr 300.0 0.0105

0.94 168.7 156.3 1.97Fr0.05 468.7 0.0454

FrB 625.0 3.137

H/9.2/1
275/1.0% 66 725

Frr 400.8 0.0094

1.25 276.5 158.7 2.63Fr0.05 676.3 0.0528

FrB 835.0 1.988

H/9.2/1
275/1.5% 66 725

Frr 388.5 0.0109

1.32 273.8 220.7 2.79Fr0.05 662.3 0.0452

FrB 883.0 2.224

Figure 12. Force and crack-width relationships of the L- and H-type sleepers with respect to the three
different steel fiber contents.

Figures 13–15 show the force and crack-width relationship of all 21 numerical sim-
ulations. Regardless of the steel fiber contents, the increase in size would have the most
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significant impacts on the performance of the UHPC sleepers. The improvement can
be further enhanced with the combination of the higher steel fiber contents, the larger
diameter PS tendons, and the higher strength PS tendons. However, the use of a larger
cross-section with 1.5% steel content, 11.0 mm diameter PS tendons of 1275 MPa yielding
strength is a clearly over-designed sleeper. This study also indicates that the improvement
due to the higher strength PS tendons would be minimum among all the design parameters
considered. It is also interesting to note that there are cases that would show similar perfor-
mance even though the cross-section sizes are different. For example, M/9.2/1080/0.5%
and L/11.0/1275/0.5% show similar performance, as well as M/9.2/1275/1.0% and
H/9.2/1275/0.5%.

Figure 13. Simulation results of the force and crack-width curves with 0.5% steel fiber UHPC at the
rail-seat section.

Figure 14. Simulation results of the force and crack-width curves with 1.0% steel fiber UHPC at the
rail-seat section.
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Figure 15. Simulation results of the force and crack-width curves with 1.5% steel fiber UHPC at the
rail-seat section.

6. Discussion

In this numerical study, a 2D prestressed concrete sleeper model with a brittle cracking
constitutive model was developed and validated with experimental data. In general, the
numerical results were compatible with the experimental results in terms of the force
and crack-width relationship at the rail-seat section. The obtained tensile stress-strain
relationships of UHPC with different steel fiber contents [24] were directly used to define
the cracking stress and cracking strain of the brittle cracking model. In this process, an
orientation reduction factor of 0.785 was applied to the post-cracking behavior of all three
UHPCs. As it has been known to the community, 2D and 3D orientation reduction factors
are 2/π, and 0.5. Therefore, a single orientation reduction factor (0.785) was adopted in
this study for the simulations. However, the fiber reduction factor could be dependent
upon the distribution, orientation, and volume fraction of the fibers in a concrete mix.
Therefore, it is challenging to use a just deterministic approach for the factor while the
concrete properties including the reduction factor has the stochastic characters. With the
0.785 reduction factor, 1.0% steel fiber sleepers predict the ultimate strength higher than the
experimental test. This shows that there is room for improvement. A stochastic approach
can be applied to evaluate the range in the performance of the sleepers using UHPC. It
should be, however, pointed out that additional experimental research should be conducted
to achieve a statistically meaningful dataset to adopt the stochastic approach, especially for
the fiber orientation effect. In addition, the usage of a single orientation reduction factor
would be beneficial for sleeper engineers and structural engineers to practically design
concrete structures with fiber reinforcements.

7. Conclusions

This numerical study focuses on investigating the performance of UHPC sleepers with
respect to various design/mechanical/geometrical parameters. The parameters include
the steel fiber contents, the size of the cross-section, the diameter and yielding strength of
the PS tendons. The key observations and findings of this research can be summarized
as follows:

1. The developed numerical 2D-UHPC sleeper model was capable of representing the
force and crack-width relationships. Three UHPC direct tension tests with the 0.5%,
1.0%, and 1.5% steel fiber contents were used for the UHPC tensile constitutive models.

2. The fiber orientation factor, α, of 0.785 is used to represent the realistic stress-strain
behavior of the UHPC in 3D as opposed to the thin coupon test where the fibers are
well aligned in a 2D manner.

373



Materials 2021, 14, 2979

3. The numerical analysis results indicate that the bigger the cross-section is, the higher
the load capacities and the safety factor become. However, using a too large cross-
section can result in uneconomical design sleepers. The economical design factor,
100FrB/Area is computed to evaluate the economical factor of the UHPC sleeper.
When 100FrB/Area is close to 1.0, the UHPC sleeper is economical.

4. There are growing interests in using a larger diameter tendon and/or a higher strength
tendon. This study recommends using a larger diameter tendon with a lower strength
for an economical design.

5. A steel fiber content of 0.5% tends to yield to lower strengths UHPC sleepers relative
to the 1.0% and 1.5% steel fiber content sleepers.

6. Some M-type sleepers with 1.0% steel fiber UHPC show similar performance to
H-type sleepers with 0.5% steel fiber UHPC.

This numerical study was able to provide insights on the effects of the design pa-
rameters for developing concrete sleepers using UHPC. Additional research needs to be
conducted to investigate the overall behavior of UHPC sleepers, including bending at
the center-section of the sleepers and the effect of the variability of concrete properties
including an orientation reduction factor.
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Abstract: High performance fiber-reinforced concrete (HPFRC) has been frequently investigated in
recent years. Plenty of studies have focused on different materials and types of fibers in combination
with the concrete matrix. Experimental tests show that fiber dosage improves the energy absorption
capacity of concrete and enhances the robustness of concrete elements. Fiber reinforced concrete has
also been illustrated to be a material for developing infrastructure sustainability in RC elements like
façade plates, columns, beams, or walls. Due to increasing costs of the produced fiber reinforced
concrete and to ensure the serviceability limit state of construction elements, there is a demand
to analyze the necessary fiber dosage in the concrete composition. It is expected that the surface
and length of used fiber in combination with their dosage influence the structure of fresh and
hardened concrete. This work presents an investigation of the mechanical parameters of HPFRC
with different polymer fiber dosage. Tests were carried out on a mixture with polypropylene and
polyvinyl alcohol fiber with dosages of 15, 25, and 35 kg/m3 as well as with control concrete without
fiber. Differences were observed in the compressive strength and in the modulus of elasticity as well
as in the flexural and splitting tensile strength. The flexural tensile strength test was conducted on
two different element shapes: square panel and beam samples. These mechanical properties could
lead to recommendations for designers of façade elements made of HPFRC.

Keywords: high performance fiber reinforced concrete (HPFRC); polypropylene fiber (PP); polyvinyl
alcohol fiber (PVA); compressive strength; residual flexural strength; splitting tensile strength

1. Introduction

Since the development of concrete, RC constructions allow for more and more filigree
and lightweight elements with the contemporary growth of structure loads [1]. Reduced
cross-sections of components are associated with advanced technologies and materials
based on higher material properties [2]. With an increase in concrete specifications like
compressive strength, the post crack behavior of concrete becomes worse. In concrete
compositions, different kinds of fibers are added to avoid brittle fracture behavior and
ameliorate the ductility of those materials [3]. Fiber reinforcement concrete (FRC) has
already been used successfully in many horizontal and vertical structural as well as non-
structural elements [4]. For example, using fiber reinforcement together with traditional
steel bar reinforcement decreases crack propagation and displacement of concrete slabs
like industrial floors [5]. In buildings and bridges in seismic areas, fiber reinforced concrete
improves the behavior of structural parts like columns, beams, or walls [6].

Recently, FRC has also been used for the production of pre-cast elements in which the
fibers—in combination with ultra-high-performance concrete—enhance the durability of
cracked concrete [7]. As studies show, a decisive role is played by the dense microstructure
of concrete pre-cast elements. This can be ensured by low water–cement and water–binder
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ratios. Mateckova et al. [8] report that high-performance concrete with its dense structure
presents higher resistance to chemical penetration in comparison to ordinary concrete. The
character of used materials in HPC can improve the acid attack by FRC through better
integrity of the binder matrix to fiber inclusion. Ali et al. [9] showed the influence of fibers
and silica fume on the mechanical and durability performance of concrete concerning a
reduction in the materials’ permeability.

The possible benefits of using HPFRC are in sustainable resource management. A
good example for the use of FRC are façade panels in building constructions, leading to a
considerable reduction in the material volume [10]. Therefore, the major advantage of fiber-
reinforced concrete elements is the reduced thickness, thus leading to a reduction in CO2
footprint. Without steel rebars, façade panels can be just a few centimeters thick [11]. For
concrete elements without steel reinforcement, a corrosion protection system like concrete
cover can be omitted [12].

Vertical exterior elements of buildings exposed to environmental factors are investi-
gated for structural performance under gravity and wind load. Concrete elements such as
façade panels for certain boundary conditions are under flexural load. The wind pressure is
distributed as area load, which causes tensile and compressive stresses in the cross-section
of the building’s façade and results in deformation [13]. Therefore, exterior elements are
designed to transfer loads to the main structural system of the building. This is why
the flexural tensile strength of fiber reinforced concrete is one important design parame-
ter [14]. Moreover, the impact of panel behavior and damage to the FRC is evaluated as a
safety factor.

To understand the behavior of HPC and UHPC as well as concrete in general with fiber
addition, scientific measurement methods in experimental research study have recently
been published [15]. Typical fibers for HPFRC are made of steel [16], carbon [17], or
polymers [18]. Examining the available research literature demonstrates that another
material like wool [19], basalt [20], or glass [21] could be successfully added to concrete.
The fibers differ according to their origin, mechanical properties, and their corrosion
resistance [22]. The analysis of this material focuses particularly on a unique combination
of concrete and fiber reinforcement [23]. The damage process and the mechanical properties
of HPFRC can be taken into account for different dimensions and different shapes of
samples [24]. Results of the experimental tests should implement the anisotropy of fiber
orientation in the concrete matrix [25]. The location of deformation and the position of the
cracked zone can lead to difficulties during examination [26]. By means of a clip gauge, it
is possible to estimate the behavior of specimens in the cracked region. The clip gauge is
used to measure the crack mouth opening displacement (CMOD) [27]. The details of the
classic experimental setup and the examination with a clip gauge will be presented in the
Section 2.

The aim of this work was to investigate the influence of fiber addition on the properties
of high-performance concrete. As is known from other publications, the addition of
fiber does not always have a positive effect on the mechanical properties. Other studies
have also focused on other types of fibers in connection with HPFRC. Therefore, in this
study, it was proposed to also consider the fiber type and shape variation of the concrete
sample. Furthermore, this paper expands the database with an overview of the mechanical
properties in HPFRC with polypropylene and polyvinyl alcohol fiber. It is suspected that
the surface and length of used fiber influence the structure of fresh and hardened concrete.
Optimization and a better quantity of fiber dosage will allow for a reduction and also a
better use of the materials in the concrete mix design. Mechanical parameters of HPFRC
enable the economical design of filigree, safe, and lightweight elements.
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2. Experimental Program

2.1. Materials

In this study, only fine aggregates and particles were used to improve the homogeneity
of high-performance concrete [28]. In the following sections, the properties of the fibers
and the concrete mix design are discussed.

2.1.1. Fiber

In this study, the influence of two fiber types on the fresh concrete and the mechanical
properties of hardened concrete is investigated: polypropylene fibers (PP) and polyvinyl
alcohol fibers (PVA) (see Figure 1). The characteristic of PP- and PVA-fibers are given in
Table 1. Compared to steel, both fibers are corrosion-resistant.

 

Figure 1. (A) Polypropylene fiber MasterFiber 235 SPA (PP). (B) Polyvinyl alcohol fiber MasterFiber 401(PVA) used in the
present study.

Table 1. Mechanical parameters of the used fiber.

Type of Fiber
Tension Strength

[MPa]
E-Modul

[MPa]
Diameter

[mm]
Length [mm]

Specific Gravity
[kg/m3]

MasterFiber 235 SPA (PP) 500 >8.000 0.70 30 910
MasterFiber 401 (PVA) 800 29.000 0.16 12 1.300

2.1.2. Concrete Mix Design

For this experimental research, five different concrete mixtures with the same amount
of cement, aggregates, and additives (Table 2) were prepared. They only differed in the fiber
type (Table 1) and fiber dosage (Table 3). Mix ID 1 contained 35 kg/m3 of the MasterFiber
401 (PVA). For comparison with the MasterFiber 235 SPA (PP), Mix ID 2 contained 35 kg/m3.
To investigate the influence of the fiber dosage, Mix IDs 3, 4, and 5 contained 25 kg/m3,
15 kg/m3, and 0 kg/m3 of fibers, respectively. The mixtures were prepared by using a
55-L-capacity horizontal forcing type concrete mixer.

Table 2. Concrete mix design.

Material Raw Density [kg/m3] Weight [kg/m3]

Cement (CEM I 42.5 R) 3100 650
Aggregate 0 to 3 mm 2600 990

Silica fume 700 50
Limestone powder 2700 415

Plasticizer MasterGlenium ACE 430 1060 18
Water 1000 210
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The appropriated HPFRC was produced with cement CEM I 42.5 R [29], quartz sand
0.1/0.6 [30], limestone powder, and silica fume. The limestone powder and the silica fume
provide a dense microstructure of concrete and are used as fillers. The aggregates were
dried sand and basalt [31]. Figure 2 presents the grain size curve of the material used
in the present study [32]. For better workability, a plasticizer, MasterGlenium ACE 430,
was used [33]. The water–cement (w/c) and water–binder (w/b) ratio in the concrete
composition was 0.323 and 0.238, respectively.

Figure 2. Grading of the fines for the material used in the present study. Sand, basalt, and quartz own studies. Silica
fume [34], limestone powder [35].

2.2. Testing Procedure

In this study, tests were carried out on fresh and hardened high-performance concrete
with and without fibers. The compressive strength tests on the hardened concrete were
performed on 150 mm cubes according to EN 12390-1 [36]. Cylinders of 150 mm in
diameter and 300 mm in height were used to test the modulus of elasticity and splitting
tensile strength according to EN 12390-3 [37].

Table 3. Overview of tested samples.

Series Fiber Dosage [kg/m3] Number of Specimens

panel specimens
(250 × 250 × 35 mm3) in

accordance with EN 12467 [38]

0 3
15 3
25 3
35 3

beam specimens
(100 × 100 × 400 mm3) in

accordance with EN 14651 [39]

0 3
15 3
25 3
35 3

A test program based on the different fiber dosage was conducted (Table 3). The flexu-
ral tensile strength test was conducted on square panel specimens (250 × 250 × 35 mm3)
in accordance with EN 12467 [38] and beam specimens with a cross-section (100 × 100
× 400 mm3) in accordance with EN 14651 [39]. For comparison purposes in both tests,
we used the classical measurement method with the force–displacement relationship. Si-
multaneously, for the measurements of beam deformation, we applied the test method of
crack mouth opening displacement (CMOD), which has been recently mentioned in the
experimental investigations of HPFRC [27,40]. For this purpose, the bottom surface of the
beam specimens had a notch with a depth of 17 mm and a width of 5 mm according to the
procedure in EN 14651 [39] (see Figure 3). The notch was milled for the determination of
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strain during the crack initiation in the middle of the span. Near the notch were glued metal
plates to attach the clip gauge (see Figure 4). The clip gauge measures the displacement
between two points that are on two different edges of the crack [41].

 

Figure 3. Beam specimen geometry. Dimensions in [mm].

Figure 4. Experimental setup: 1 = point of application of symmetrical load, 2 = HPFRC beam
specimen, 3 = supports, 4 = glued on metal plates to attach the clip gauge, 5 = clip gauge.

As shown in a study by Bi et al. [42], the distribution of fiber during concrete flow
influences the mechanical properties of HPFRC. Mostly, fibers are randomly distributed
but computer tomography shows that fibers accumulate in the upper part of the specimens.
It has been observed that the flexural strength of HPFRC is higher with more fibers located
in the tension zone. Therefore, during the bending tests, the upper side of the beams is
turned backwards.

Three-point bending tests were carried out on plates and beams in order to be able
to estimate the flexural strength [38]. The stresses fL were calculated according to the fib
Model Code 2010 [43], as follows:

fL =
3·F·l

2·b·h2 (1)

where F represents the cylinder force in [N]; b and h are the width and height of the
specimens, respectively; and l is the distance of the supports. The distance for the plates
equaled l = 0.75·L and for the beams, l = b/0.3. Dimensions are provided in [mm].

In their study, Schultz-Cornelius [24] investigated flexural strength for many different
thicknesses of façade panels separately. They observed an effect in size for specimens with
a depth below 50 mm. The tests showed a linearly increasing bending tensile strength with
decreasing thickness. In order to examine the impact of fiber dosage on the bending tensile
strength, only panels with a thickness of 35 mm were tested.

The specimens were cured and stored at a temperature of 20 ◦C and a relative air
humidity of 60%. Each test on hardened concrete was performed after 30/31 days. The
measurements were processed by Catman AP software. All bending tests were performed
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based on controlled displacement with the same testing speed and the same measuring
rate of clip gauge.

3. Analysis of the Results

In this study, the properties of fresh concrete as well as the mechanical parameters of
hardened concrete like compressive strength, modulus of elasticity, bending, and splitting
tensile strength were investigated. The test results are discussed in the following sections.

3.1. Properties of Fresh Concrete

The slump test was performed according to EN 12350-5 [44]. The results presented in
Table 4 show that both PP and PVA fibers performed well during the slump flow test. The
slump flow diameter was measured on the base plate in two directions, from which the
average value was calculated. It should be mentioned that the plasticizer MasterGlenium
ACE 430 dosage in each concrete mixture was identical. With increasing fiber dosage,
the workability of HPFRC increases. Tests show that the slump flow measure increased
from 595 mm to 650 mm based on a PP fiber dosage of 15 kg/m3 and 35 kg/m3. The
phenomenon of higher fiber dosage and a concurrently larger slump flow diameter was also
observed in investigations of self-compacting concrete with PP and steel fiber batches [45].
For HPFRC with PVA fibers, a smaller slump flow diameter is recognized than for HPFRC
with PP fibers. If a PVA fiber with a smaller diameter is used, the mixtures tend to absorb
much more water and hence change the consistency of fresh concrete. This is due to the
high specific surface area of PVA fibers. Chen [46] reported that fine fibers were responsible
for reducing the mixture workability and suggested a combination of small and medium
fibers for the best balance of fresh concrete and hardened material properties. The progress
of the slump experiment and a picture of a fresh concrete mixture are shown in Figure 5.

Table 4. Fresh concrete properties of the investigated concrete mixtures.

Mix
ID

Type of Fiber
Fiber-

Dosage
Air

Void
Bulk Density

[st. dev]
Slump Flow Diameter

[st. dev]

[kg/m3] [%] [kg/m3] [mm]

1 MasterFiber
401 (PVA) 35 3.8 2288 [6] 418 [25]

2
MasterFiber
235 SPA (PP)

35 4.2 2239 [8] 650 [42]
3 25 3.8 2251 [21] 635 [21]
4 15 3.5 2278 [16] 595 [7]
5 0 2.8 2307 [20] 565 [7]

 

Figure 5. (A) Slump experiment for MasterFiber 401 (PVA). (B) Fresh concrete with MasterFiber 401 (PVA). (C) Fresh
concrete with MasterFiber 235 SPA (PP).
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Table 4 shows the air depending on the fiber dosage of each mixture. This was
determined according to EN 12350-7 [47]. The concrete with less pore volume had a higher
bulk density. Furthermore, the air impacts mechanical properties like compressive strength
and modulus of elasticity. Hassan [48] stated that concrete with lower porosity was resistant
against chloride penetration. Furthermore, it showed a lower fluid and gas permeability,
which impacts the frost resistance of HPFRC.

3.2. Compressive Strength

Figure 6 shows the compressive strength of the concrete after 28 days with different
fiber dosages. The results showed that the compressive strength decreased with increasing
fiber dosage. Lower dosages of fiber in normal concrete, in contrast, behave differently (e.g.,
under 30 MPa). In general, the mechanical properties of concrete with a lower compressive
strength will be improved through the addition of fibers [49,50]. The space between
concrete and fibers is filled with air, which already starts to accumulate during the mixing
process between the adhesive surfaces. The air voids are linked to the small interaction
between the PP and the cement paste. A small air volume reduces the compressive strength
of high-performance concrete. Furthermore, the higher fiber dosage reduces the volume of
the concrete–matrix dosage and at the same time reduces the compressive strength and
modulus of elasticity of the concrete.

  

Figure 6. Compressive strength results of concrete with different fiber dosages of MasterFiber 235 SPA (PP).

3.3. Modulus of Elasticity

The modulus of elasticity was determined according to EN 12390-13 [51]. Figure 7
shows the test results for the cylindrical specimens [36]. The modulus of elasticity’s value
depends on the fiber dosage. An increase in the volume fraction of PP fiber in concrete
leads to a decrease of the modulus of elasticity, which is due to the compressive strength
of HPFRC. Similar results were obtained in a study on fiber reinforced concrete with a
compressive strength up to 100 MPa [52].

3.4. Splitting Tensile Strength

The addition of fibers to the concrete mix has a major impact on the tensile strength
of FRC. The test results showed an increase from 4 MPa for concrete without any fibers
to 6.9 MPa for concrete with a fiber dosage of 35 kg/m3 (see Figure 8). Furthermore, the
results showed that the difference in the splitting tensile strength between a fiber dosage of
25 kg/m3 and 35 kg/m3 was lower compared to a fiber dosage of 15 kg/m3 and 25 kg/m3.
It can be assumed that this effect is caused by the strength of the fiber–matrix interface. The
strength depends on the volume of the concrete surrounding the fibers. With increasing
fiber dosage, this volume decreases and hence the pull-out-strength of the fibers in the
cracking zone is reduced. It can therefore be concluded that the splitting tensile strength
was at most 72.5% higher due to the addition of fibers.
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Figure 7. Modulus of elasticity of concrete with different fiber dosages of MasterFiber 235 SPA (PP).

 

Figure 8. Split tensile strength of concrete with different fiber dosages of MasterFiber 235 SPA (PP).

3.5. Residual Flexural Strength

For façade panels, the most important mechanical property is the bending tensile
strength [53]. Fibers in concrete enhance the concrete’s mechanical properties. They absorb
post-crack energy and improve ductility of the FRC. For thin concrete elements like façade
panels, a higher bending tensile strength leads to an improved resistance against area loads
caused by wind and impacts.

The experimental setup and the dimensions of the test specimens are discussed in
Section 3. The plates according to EN 12467 [38] reached higher bending-tensile strengths
up to 10.5 MPa for a fiber dosage of 35 kg/m3. The test results with average values for
plates with PP fiber are presented in Figure 9.

The stress–deflection curves in Figure 9 show a linear behavior at the beginning of
the loading. After the first crack, stress deflection curves are non-linear. In HPFRC, the
deflection, and concurrently the stress, still increases. Once the maximum value of stress
has been reached, they decrease slowly. A similar effect of decreasing stresses after the first
crack was described by the Association Francaise de Genie Civil [54] (AFGC). In concrete
without fibers, the stress–deflection curves reached 5.61 MPa after the first crack and then
collapsed. In contrast, the specimens with fiber dosage had an inclined plateau phase. This
behavior is facilitated by a bond length of the PP fibers in the fiber–matrix interface, which
is activated as soon as a crack occurs. The longer the bond of the anchored fiber, the greater
the pull-out force. This behavior is the so-called bridging effect [55]. According to the first
crack [38], it was possible to estimate the bending tensile strength of the concrete with fiber
and concrete without fiber. The results with different fiber dosages are presented in Table 5.
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Figure 9. Bending-tensile strengths of concrete with different fiber dosages MasterFiber 235 SPA (PP) in accordance with
EN 12467 [38].

Table 5. Bending tensile strength of concrete with different fiber dosages of MasterFiber 235 SPA (PP)
in accordance with EN 12467 [38].

Mix ID Type of Fiber
Fiber-Dosage

[kg/m3]
fL [st. dev]

[MPa]
Percentage

Increase [%]

2
MasterFiber 235

SPA (PP)

35 6.62 [0.20] 118
3 25 6.43 [0.16] 115
4 15 5.85 [0.38] 104
5 0 5.61 [0.40] 100

The test results in Table 5 clearly reflect the addition of fiber dosage: an increasing
bending tensile strength was observed with higher fiber dosage. The tests revealed an
increase of up to 4% for a fiber dosage of 15 kg/m3, 15% for 2d5 kg/m3, and 18% for
35 kg/m3. The experiments showed that by adding fibers, the failure mode changed from
brittle to ductile. Similar to the study conducted by Kahanji [56], the variation of the fiber
dosage has an enormous influence on the post-crack behavior of HPFRC.

The same results as for the panels were achieved with beams according to EN
14651 [39]. Figure 10 presents the test results with CMOD and Figure 11 shows the results
with a deflection in the middle span of the specimen. The stress–strain diagram shows that
the strain increased immediately after crack initiation. A comparison of the test results
obtained for mixtures ID 2 (35 kg/m3) and ID 3 (25 kg/m3) showed similar bending tensile
strengths. However, the dosage of fiber quantity for mixtures ID 2 and 3 differed. By
comparing these two fiber dosages, an increase in the bending tensile strength of up to
200% was evident. Mixture ID 4 showed increases of up to 84%. The strain of mixture
ID 4 measured with the clip gauge reached a plateau. Following this crack initiation, the
measured strains increased with higher load capacity. For concrete without fibers (mixture
ID 5), the stress–strain curve reached 3.14 MPa, then declined and reached zero.

385



Materials 2021, 14, 3736

Figure 10. Stress–strain curves of the beam test-series with different fiber dosages MasterFiber 235 SPA (PP). Clip gauge
strain in accordance with EN 14651 [39]. The vertical axes are CMOD 0.5 to CMOD 3.5.

Figure 11. Stress–deflection curves of the beam test-series with different fiber dosages MasterFiber 235 SPA (PP).

The test method for fiber reinforced concrete presented in EN 14651 [39] enables
the calculation of flexural tensile strength. The stresses fL in limit of proportionality
(LOP) were calculated according to the equation for the test method in concrete with
metallic fiber [39,57]. The required force was determined in the case of crack opening
CMOD = 0.05 mm (see Figure 12). The flexural tensile strength (limit of proportionality)
was calculated and listed in Table 6 (characteristic values with ks = 2.336). The correlation of
the stress–strain curves showed that with a fiber addition between 15 kg/m3 and 35 kg/m3,
the results of LOP were similar. A significant difference was found in the post crack
behavior due to the addition of fibers to the mix. The samples with Mix ID 5 failed when
the maximum flexural stresses were reached. This means that the CMOD with a value
higher than 0.5 mm could not be determined.
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Figure 12. Stress–strain curves of the beam test-series with different fiber dosages MasterFiber 235 SPA (PP). Clip gauge
strain in accordance with EN 14651 [39].

Table 6. Flexural tensile force according EN 14651 [39].

Mix ID

Fiber-
Dosage

Type of
Fiber

fL LOP Percentage
Increase

[%]

fL at Prescribed CMODj Values in MPa, [st. dev]

[kg/m3] [MPa] 0.5 [mm] 1.5 [mm] 2.5 [mm] 3.5 [mm]

2 35
MasterFiber

235 SPA
(PP)

3.89 [0.07] 124 5.66 [0.14] 8.57 [0.07] 8.03 [0.10] 7.34 [0.11]
3 25 4.10 [0.06] 131 6.30 [0.08] 8.04 [0.09] 9.16 [0.04] 9.24 [0.01]
4 15 4.04 [0.03] 129 3.06 [0.15] 4.17 [0.14] 4.78 [0.14] 4.94 [0.10]
5 0 3.14 [0.09] 100 0.11 [0.22] - - -

Based on experimental stress–strain curves, parameter fL was evaluated at four differ-
ent CMOD values: 0.5, 1.5, 2.5, and 3.5 mm. The residual bending tensile strength fL for
different fiber dosages was calculated and listed in Table 6 (characteristic values). This study
allows for the following conclusions to be drawn in post-crack bending tensile strengths.
With a fiber addition of 25 kg/m3 and 35 kg/m3, the maximum bending tensile strength
varied between 6.30 MPa and 5.66 MPa for CMOD of 0.5 mm and 9.24 MPa–7.34 MPa for
CMOD of 3.5 mm. For the fiber addition of 15 kg/m3, the residual post-cracking strength
reached 3.06 MPa for CMOD of 0.5 mm and 4.94 MPa for CMOD of 3.5 mm.

Figure 13 shows the stress–deflection curves of different fiber types. The first curve
reflects the long MasterFiber 235 SPA (PP), and the second the short MasterFiber 401 (PVA).
The short fiber is also thinner than the long fiber, which affects the mix design with a
much higher number of fibers in the concrete. Both concrete mixtures were made of the
same raw materials and comprised a fiber dosage of 35 kg/m3. Although the PP fiber was
longer than the PVA fiber, a similar maximum bending tensile strength was achieved with
both types of material, regardless of the fiber length. In the study by Yoo [58], the authors
reported that the use of a longer fiber led to higher flexural strength than the shorter fibers.
In the experimental test, only strains as a function of the length of the fiber were detected.
The stress–deflection curves for MasterFiber 235 SPA (PP) showed significantly better
results than the stress–deflection curves for MasterFiber 401 (PVA) following a deflection
of 6 mm. The stress–deflection curve of fiber type MasterFiber 401 (PVA) revealed a higher
increase in deflection compared to fiber type MasterFiber 235 SPA (PP), which may indicate
unfavorable adhesion forces between PVA fiber and the matrix. Shorter fibers pull-out of
the matrix faster than longer fibers. This is attributed to the bonding forces between the
fibers and the concrete matrix. The 30 mm long fibers provided a better friction range than
the 12 mm long fibers and also provided a better stress transfer in the matrix. However,
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the smaller fiber had a higher tensile strength. Different types of fibers reflect the bonding
behavior between the fibers and the surrounding concrete [59].

Figure 13. Bending-tensile strength of concrete with different fiber types (MasterFiber 235 SPA and MasterFiber 401) for a
fiber dosage of 35 kg/m3 in accordance with EN 12467 [38].

Figures 14–16 clearly show the cracking patterns of selected specimens in a three-point
bending test. The main crack occurred in the middle of the specimen. During the loading
tests, the crack width increased and lead to breakage or pull-out of the fiber. Due to the
high strain rate of the materials, two halves of a concrete slab held together. There was no
brittle failure because PP or PVA fibers under bending tensile load prevented the opening
of a crack and finally prevented the sudden destruction of the concrete. The fibers, which
were distributed along the axis of the beam, improved the bending tensile strength of the
concrete. Some of the fibers in the crack zone reached their tensile strength.

  
Figure 14. Typical failure modes for specimens [38] with MasterFiber 235 SPA (PP). (A) Images of the tensile fracture face of
a fiber. (B) Images of the pull-out fracture face of a fiber.
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Figure 15. Typical failure modes for specimens [38] with MasterFiber 401 (PVA). (A) Images of the pull-out fracture face of
a fiber.

  

Figure 16. Typical failure modes for specimens [38] without fiber.

4. Discussion

As tests of the fresh and hardened concrete show, HPFRC is strongly affected by the
density of used fiber and the presence of the air voids. The bulk density, compressive
strength, and modulus of elasticity decreased with fiber addition. This effect can be
attributable to fiber dosage in the concrete mix. Liu et al. [60] analyzed the permeability of
carbon fiber reinforced concrete and observed the same impact based on the water–cement
ratio. The fiber improves the impermeability of concrete only for the w/c ratio of 0.25. The
higher ratio reduces the impermeability of hardened concrete. Richardson [61] studied the
differences between plain concrete and concrete with fiber additions. Due to the higher
air content in the fiber-reinforced mixtures compared to normal concrete, the compressive
strengths differed from each other.

Another tendency showed in some cases of the normal strength concretes where the
higher dosage increased compressive strength and modulus of elasticity. Kilmartin-Lynch
et al. [62] tested a concrete mix with a compressive strength of 50.34 MPa and reached higher
values for the dosage of recycled polypropylene fibers. The increase of higher fiber dosage
can be noted because the fibers became more densely spaced, which therefore increased
compressive strength. Sekhar Das et al. [63] showed that the compressive strength of
36.9 MPa initially increased with fiber content up to 0.5% and then decreased with further
use of fibers. This content corresponds to a fiber dosage of 4.55 kg/m3, which was not
tested in the presented study. Therefore, the conclusion is that the correlation between
compressive strength and modulus of elasticity depends on fiber dosage. For further
studies, a lower fiber content should be tested.

In the experiment, the fiber dosage improved the flexural properties of concrete. The
flexural strength increased the maximal 31% for a fiber dosage of 25 kg/m3 in comparison
to the plain concrete. Rostami et al. [64] reported that the highest flexural strength was
94% relative to the control sample. Such a large difference may be due to the length of the
polypropylene fiber. In their experiment, Rostami et al. used longer PP fibers of 48 mm.
Similar observations were made by Zhou et al. [65] who reported that PP improved the
flexural strength of concrete. Unfortunately, the tests were carried out on another type of
fiber with a maximal length of 18 mm.

Not only are the values of the flexural strength reflected in the studies on FRC, but the
failure modes for specimens in flexural tests show similarities with other research. Abbas
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et al. [66] tested tunnel lining segments using UHPC with fiber dosage where the crack
developed during the progression of load in the middle part of the sample.

5. Conclusions

The objective of this work was to investigate how fiber dosage affects the mechani-
cal parameters of high-performance fiber reinforced concrete. This study allows for the
following conclusions to be drawn in the area of material properties:

• The percentage of air voids in the concrete corresponds to the compressive strength
and the modulus of elasticity of the concrete. A significant difference was found
in the compressive strength of the concrete due to the addition of fibers to the mix.
The fiber addition of 15 kg/m3 in the concrete composition reduced the compressive
strength from 83.2 MPa to 79.6 MPa. The higher fiber dosage showed a similar
trend. Furthermore, it reduced compressive strength and the modulus of elasticity of
the concrete.

• PP and PVA fibers have proven to be effective in increasing the splitting tensile strength
of concrete, which allows better utilization of material capacities and has an impact
on the production costs of FRC members. The comparison showed that the dosage
of fibers increased from 4.0 MPa to 5.0 MPa (for 15 kg/m3), 6.7 MPa (25 kg/m3), and
6.9 MPa (35 kg/m3).

• The analysis of the bending tensile tests revealed differences between MasterFiber 401
(PVA) and MasterFiber 235 SPA (PP) in the post-crack phase. MasterFiber 235 SPA is
intended to be used because of its higher ductility.

• The bridging effect, which improves the safety of the concrete components, was
identified in the bending tensile test. The bending tensile strength of concrete with
added fibers increased by up to 18% compared to materials without fibers. Some of
the fibers reached their tensile strength and were no longer involved in the transfer
of the load. The pull-out effect of the fiber changed the brittle fracture behavior of
concrete into the ductility behavior of these materials.

• In the present study, the highest PP fiber dosage examined in the concrete composition
amounted to 35 kg/m3. However, the addition of more than 25 kg/m3 of fibers to
the concrete mix had less influence on the bending tensile strength of the concrete.
This concrete mix had an overcritical fiber dosage and was characterized by tensile
strain-hardening behavior. A comparison of the stress–deflection curves with the
addition of 25 kg/m3 and 35 kg/m3 of fibers revealed that the cracking behavior of
concrete for these two fiber contents did not differ significantly.

• Further study of HPFRC comprises more mechanical experiments. New attempts
will be focused on anchorage techniques for façade plates in building construction. A
higher load capacity for the steel anchor system with a higher fiber dosage is expected.
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