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Abstract

This study investigated the effect of nano-CaCOj3 content on the hardness (H) and Young’s modulus (E) at the
interfacial transition zone (ITZ) surrounding fibers and ultra-high performance concrete (UHPC). Nano-CaCO;
was incorporated at varying contents from 1% to 4% by weight of cement. The nanoindentation (NI) test and
scanning electron microscopy (SEM) to examine the mechanical properties and microstructures at the ITZ. The
results of the study indicated that UHPC incorporating nano-CaCOj; exhibited an improvement in both H and
E at the ITZ compared to UHPC without nano-CaCOs. Specifically, the H and E values for UHPC containing
3% nano-CaCO; were measured at 3.49 + 0.15 and 51.47 + 1.23 GPa, respectively, whereas those values of
UHPC without any nano-CaCO; were 3.10 + 0.12 and 49.44 + 1.22 GPa, respectively. This enhancement in H
and E at the ITZ is attributed to the toughening effects at the interface caused by the nano-CaCOs3, along with
improved hydration. Besides, SEM images revealed that UHPC containing nano-CaCOj3 displayed a denser
and more homogeneous microstructure compared to its counterpart without nano-CaCOj3. Furthermore, the
addition of nano-CaCOs increased the compressive strength of UHPC by 1.47% to 9.49% as the content rose
from 1% to 4%, attributed to improved particle packing and a more compact microstructure. In contrast, UHPC
flowability declined as nano-CaCO3 content increased, as indicated by a reduction in slump flow from 185 +
15 mm to 160 + 5 mm, which is associated with increased water absorption by the extensive surface area of the
material.
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1. Introduction

Ultra-high-performance concrete is characterized by a high binder content, which significantly
enhances its mechanical properties and durability. UHPC is formulated with a low water-to-binder
ratio, promoting a denser mixture that contributes to its strength [1]. UHPC are extremely heteroge-
neous materials because of their various constituent phases and diverse processing conditions. The
microstructure and overall properties of UHPC are influenced by the source materials, mixture ratios,
curing conditions, and hydration rate [1, 2]. Although UHPC exhibits significantly lower porosity
compared to conventional concrete, it still contains a relatively weak I'TZ of mixtures [3]. This zone
exists at the interface between cement paste and aggregate or fiber, which significantly influences
the overall strength and durability of concrete. Thus, enhancing the mechanical properties of the
ITZ is crucial for improving the long-term performance of UHPC. However, the characteristics and
thickness of ITZs depend on the type of fiber, hydration level, and water-to-cement ratio [4, 5, 6].
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The use of materials with fine particle sizes in the composition is expected to improve the mi-
crostructure of ITZ and the overall strength of concrete [3]. This process involves incorporating a
significant amount of supplementary cementitious materials, such as silica fume, slag, and fly ash,
along with a smaller quantity of nano-materials [7, 8, 9, 10]. These materials contribute to filling
voids within the mixture, improving the interlocking of particles, and ultimately leading to a more
robust and durable concrete formulation [7, 8]. Wu et al. [9] reported that the optimal silica fume
content in UHPC is 15% to 25%, leading to a 170% increase in bond strength at 28 days compared to
samples without silica fume. The addition of nanomaterials (NMs), such as nano-CNTs, nano-TiO»,
and nano-Al,O3, has enhanced the mechanical strength of concrete, primarily due to their extremely
small particle size and superior pozzolanic reactivity [11, 12]. Zhang et al. [11] investigated the
influence of nano-CNTs on the flexural strength of concrete. Their findings demonstrated that substi-
tuting 0.05% of cement with nano-CNTs resulted in an increase in the flexural strength of concrete
up to 68%. Su et al. [12] replaced 3.0% of cement with different NMs in UHPC composition. Their
results indicated that compressive strength significantly improved depending on the type and amount
of NMs used. Besides, nano-TiO; produced the highest compressive strength at 162.6 MPa, while
nano-Al, O3 resulted in the lowest at 143.5 MPa.

In recent years, the use of nano-CaCOj3 in concrete has become more common because nano-
CaCOs3 can significantly improve the compressive and flexural strength of UHPC due to its high
surface area and reactivity, leading to a more refined microstructure [13]. Several studies have indi-
cated that the physical properties of CaCO3; may offer benefits for the development of cementitious
systems [14, 15, 16]. The presence of CaCOj3 nanoparticles creates a seeding effect, promoting the
rapid formation of calcium silicate hydrate (C-S-H) through their interaction with the surfaces of C3S
particles [17]. Shaikh and Supit [14] investigated the influence of nano-CaCOj3 on the compressive
strength and durability of high-volume fly ash concretes, which contain 40% and 60% fly ash. Their
results indicated that the early-age compressive strength of concrete with 1% nano-CaCQOj is approxi-
mately 146-148% higher than that of conventional concrete. Xu et al. [15] indicated that the addition
of 0.5% nano-CaCO3 reduced the effectiveness of calcium nitrite as an early strength agent, whereas
dosages of 1% and 2% increased concrete strength by 13% and 18% at standard curing temperatures
and 17% and 14% at low curing temperatures after 3 days. Wu et al. [16] reported that the mechani-
cal strength of UHPC improved as the nano-CaCOj3 content increased, reaching a maximum of 3.2%.
At this dosage, the 28-day bond strength, compressive strength, and flexural strength increased by
around 40%, 10%, and 20%, respectively, compared to the control mixture.

Although the effects of NMs on key mechanical properties of concrete, including bond strength,
compressive strength, and flexural strength, have been explored in aforementioned studies, however,
there remains a significant gap in the literature concerning the microstructural properties at I'TZ of
reinforced concrete enhanced with NMs. Thus, the study aimed to analyze the effects of nano-CaCO3
on the mechanical properties of the ITZ that exists between steel fiber surfaces and UHPC. The
inclusion of nano-CaCOs3 in UHPC is predicted to improve the strength of the I'TZ of UHPC through
their filling properties, combined with their chemical interactions. The primary objectives of this
study were to assess the influence of nano-CaCOj3 content on the hardness and modulus of the ITZ, as
well as the mechanical properties of UHPC. These findings will provide important information useful
for developing UHPC with superior performance.
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2. Experiment
2.1. Materials and Sample Setup

Table 1 describes the compositions of the mixtures used in this study. The average particle di-
ameters of cement, silica fume (98.5% SiO,), and silica powder were 9.0 um, 23.0 wm, and 5.0 um,
respectively. Nano-CaCO3 composed of 98.0% CaCOs3, had an average particle size of 50 nm. Silica
sand with an average grain size of 250 um was utilized. Silica powder, which served as the filler in
the matrices, contained 98.0% SiO, and exhibited a density of 2.6 g/m>. To improve the workabil-
ity of the matrices, polycarboxylate ether superplasticizers with 30% solid content were employed.
Five different mixtures were prepared: UHPC without any nano-CaCO3 (UHPC-0), UHPC contain-
ing 1% nano-CaCO3 (UHPC-1), 2% nano-CaCO3 (UHPC-2), 3% nano-CaCO3; (UHPC-3), and 4%
nano-CaCO3 (UHPC-4). The quantities of nano-CaCOj3 are calculated according to the weight of the
cement in the concrete formulation. The proportions of the mixture were determined based on the
procedure outlined in reference [18], with modifications to the water and superplasticizer levels in
this study to meet the requirements of the casting process when applied to nano-CaCOs.

Table 1. The weight components for a mixture of 1.0 x 1.0 x 1.0 m® (unit: kg)

Mixture Cement Nano-CaCOs; Silica sand Silica fume Silica powder Superplasticizer Water

UHPC-0 836.18 0.00 919.80 209.04 250.85 58.53 175.60
UHPC-1 833.33 8.33 916.67 208.33 250.00 58.33 175.00
UHPC-2 830.51 16.61 913.56 207.63 249.15 58.14 174.41
UHPC-3 827.70 24.83 910.47 206.93 248.31 57.94 173.82
UHPC-4 824.92 33.00 907.41 206.23 247.47 57.74 173.23

This study utilized Ordinary Portland Cement, meeting the specifications of ASTM C150 Type
1 for hydraulic cement. The dry ingredients were blended for around 5 minutes. Afterward, water
was gradually incorporated over 1 minute, with the mixture being continuously stirred for another 5
minutes. The superplasticizer was added gradually and mixed in for an additional 5 minutes. Further
details on the mixing procedure are provided in the preceding study [19].

The NI samples were prepared following the steps, as outlined by Dang et al. [3]. The sample was
cylindrical in shape, with precise dimensions of 31 mm in diameter and 10 mm in height. Moreover,
the NI experimental design of this study included the application of steel fibers having a diameter of
0.3 mm and a length of 30 mm, along with an elastic modulus of 200 GPa. Each of the specimens
utilized in the experiments was reinforced with nine steel fibers, thereby enabling a detailed analysis
of their influence on the mechanical properties at the I'TZ of mixtures.

2.2. Experimental setup and Testing procedure

Fig. 1 illustrates the equipment used to evaluate the workability of the mixtures. The apparatus
resembles a truncated cone, featuring a height of 60 mm, a large base diameter of 100 mm, and
a small base diameter of 70 mm. The procedure for assessing concrete workability adheres to the
ASTM C1437 standard [20]. The cube samples of 50 x 50 x 50 mm? were tested in accordance with
ASTM C109/C109M-23 for compressive strength evaluation [21]. Fig. 2 shows the universal testing
machine (UTM) employed for conducting compressive tests. During the experimental procedures,
the load was continuously set at a speed of 1 mm/min. Testing for all specimens was conducted after
a 28-day period in dry conditions.

The mechanical properties of the ITZ of mixtures were investigated by using the NHT2 Nanoin-
dentation Tester by CSM Instruments, as shown in Fig. 3. A standard nanoindentation load-displacement
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Figure 1. Mini slump flow equipment [22] Figure 2. UTM used for compressive test

curve along with its relevant parameters is shown in Fig. 4. The maximum load applied during the
NI tests was 2.0 mN, with the loading speed set at 1.0 mN/s. In this study, NI tests were conducted
within the fiber mixture zone surrounding a steel fiber. Each mixture comprised 200 indented points
which were discovered. Furthermore, Scanning Electron Microscopy was conducted to investigate
the surface characteristics and microstructures present at the ITZ of the mixtures.
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Figure 4. Typical load—depth curve in a nanoindentation test [23, 24]
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The H and E are calculated by using the Oliver-Pharr method [25], as provided in Egs. (1) and
(2) [25, 26].

Pmax
H = 1
i (M
-1
1 1 -2
E=(1-)—-—2L 2)
-v)N\g-—%

where P,y is the peak load, A, denotes the contact area, and v is the Poisson’s ratio of the samples.
v; and E; are Poisson’s ratio and Young’s modulus of the diamond indenter tip. The reduced modulus

is indicated by E,.
3. Results and Discussion
3.1. Influence of nano-CaCOj3 on mixture flowability
Fig. 5 presents typical images related to the mini-slump flow tests carried out on the mixtures,

while the influence of nano-CaCOs levels on the flowability of mixtures is shown in Fig. 6. It is
evident that the slump flow progressively decreased as the nano-CaCOs levels increased. As the

(a) UHPC-0 (b) UHPC-4

Figure 5. Typical flowability of the mixtures
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Figure 6. Mini slump flow of mixtures
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contents of nano-CaCO3 were increased from 1% to 4%, the flowability of UHPC decreased from
185 + 15 to 160 + 5 mm. This indicated that the addition of nanomaterials had a significant effect on
the required water demand of mixtures. This demonstrates that the adding nano-CaCOs3 significantly
affected the water requirements of the mixtures. The result is consistent with the findings observed in
the research by Liu et al. [27]. Their results indicated that an increase in nano-CaCOj3 content led to a
decline in flowability and a shorter setting time for the fresh cement paste. Although nano-CaCO3 can
occupy voids between the particles in mixtures, replacing some entrapped water, it ultimately results
in an increase in the volume of free water [28].

3.2. Effects of nano-CaCOj3 contents on the compressive strength of mixtures

The incorporation of nano-CaCOj significant influence on the compressive strength of UHPC, as
shown in Fig. 7. As the nano-CaCOj3 content varied between 1% and 4%, the compressive strength of
UHPC increased by 1.47% to 9.49%, which was higher than the compressive strength of the control
sample (UHPC-0). The compressive strength of UHPC containing 1%, 2%, 3%, and 4% nano-CaCO3
was 192.18 + 3.17, 194.33 + 3.85,202.51 + 4.21, and 187.68 + 2.98 MPa, respectively. All mixtures
containing nano-CaCOj3 exhibited a higher compressive strength in comparison with UHPC-0 (184,96
+ 2.84 MPa), which did not contain any nano-CaCO3. The enhanced strength of UHPC is attributed
to the unique characteristics of nano-CaCOs3, which can improve particle packing and contribute to a
denser microstructure, ultimately leading to improved strength performance. Dang et al. [23] reported
that the nano-CaCOs3; improved the microstructure and enhanced the percentage of C-S-H of cement
hydration products of mixtures based on the nuclear effects of nano-CaCO3. However, as the amount
of nano-CaCOs; increased by over 3% incorporated in UHPC, the mechanical properties of UHPC
decreased owing to the agglomeration of NMs [29, 30, 31]. The use of an excessive quantity of
nano-CaCOs led to its agglomeration due to the fine particle size and extensive surface area of nano-
CaCOs;. This phenomenon increased the viscosity and reduced the flowability of mixtures, resulting
in more cracks and air voids in both the ITZ and the concrete microstructure.
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Figure 7. Compressive strength of mixtures
Fig. 8 illustrates the mixture samples following the completion of the compressive tests. The
fractures present in the mixtures are incorporated into the overall failure and crack patterns observed.

These patterns provide insight into the structural integrity and behavior of the materials under com-
pressive stress. Explosive cracks are recognized in the samples of UHPC-0, UHPC-1, UHPC-2, and
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UHPC-4, each exhibiting varying degrees of damage. In particular, UHPC formulations with nano-
CaCQOs; displayed less damage while exhibiting a greater number of cracks. Especially, UHPC-3 did
not reveal severe damage, however, it displays a considerable number of micro-cracks, as shown in
Fig. 8.

(d) UHPC-3 (e) UHPC-4

Figure 8. Failure and crack pattern occurring under compressive tests

3.3. Effects of nano-CaCOj3 contents on the mechanical properties of ITZs

Fig. 9 illustrates a typical surface morphol-
ogy of the specimen within ITZ based on the re-
sults of the NI experiment. Following the com-
pletion of the unloading process, the surface ex-
hibits indentations characterized by a triangular
prism shape, which are attributable to the pene- . o
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Steel fiber

displacement depths obtained from the NI tests 15
. L
were subsequently used to determine the mechan- 1A

ical properties (H and E) of I'TZs, as described in
Egs. (1) and (2). Fig. 10 presents the H and E at
ITZ of UHPC-0, UHPC-1, UHPC-2, UHPC-3 and
UHPC-4. The UHPC-3 demonstrated the highest Figure 9. Indented points surrounding fiber
H and E values, which were 3.49 + 0.15 and 51.47 and mixture

+ 1.23 GPa, respectively, whereas UHPC-0 produced the lowest ones of 3.10 + 0.12 and 49.44 + 1.22
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GPa, respectively. The significant enhancement in both H and E is primarily explained by the action
of nanoparticles, which may have induced interfacial toughening as a result of their compact structure
and/or enhanced hydration products [28]. Besides, the nucleation effect of nano-CaCOj3 can improve
the microstructure and elevate the levels of C-S—H [23].
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Figure 10. Hardness and Young’s modulus of mixtures

Fig. 11 provides typical SEM images that reveal the influence of nano-CaCO3 on the density
of the ITZ within mixtures. It was observed that the UHPC-0 had porous areas, whereas UHPC-1,
UHPC-2, UHPC-3, and UHPC-4 were homogeneous and dense. Scion Image analysis software was
employed to evaluate the proportion of the porous area at ITZ based on the SEM images, as described
in detail of studies [3, 25]. There are seven boundary layers originating from the fiber edge, with a
uniform spacing of 10 wm between each layer of steel fibers embedded in mixtures. The porosity
area ratio was calculated as the ratio of the porous area between two boundary layers to the total area
encompassed by those layers. The percentage of porosity at ITZs surrounding fibers and mixtures
corresponding to UHPC-0, UHPC-1, UHPC-2, UHPC-3 and UHPC-4 was 5.97 + 0.96, 4.26 + 0.72,
3.85 £ 0.55, 3.62 + 0.24, and 4.66 + 0.86%, respectively, as provided in Table 2. The incorporation
of nano-CaCQOj3 in UHPC led to lower porosity, attributed to its ability to improve particle packing
and create a denser microstructure, which minimizes porous areas.

(b) UHPC-1
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Figure 11. SEM images of the fiber—mixture interfaces of the mixtures

Table 2. The porous area at the ITZ of mixtures

Mixture UHPC-0 UHPC-1 UHPC-2 UHPC-3 UHPC-4
Porosity (%) 597 £0.96 4.26 +0.72 3.85+£0.55 3.62+£0.24 4.66 + 0.86

4. Conclusions

In this research, the effect of nano-CaCOj3 levels on the mechanical properties of the ITZ sur-
rounding fiber and mixtures. The proportion of nano-CaCO3; was adjusted to range from 1% to 4%
based on the weight of the cement. Mini slump flow, compressive, and nanoindentation tests were
conducted to evaluate the mechanical properties of UHPC. Besides, SEM was carried out to observe
the surface characteristics and microstructures at the I'TZ of mixtures. The conclusions derived from
this study are as follows:

- The increase in nano-CaCOj3 content resulted in a reduction in the flowability of UHPC, with
the slump flow decreasing from 185 + 15 mm to 160 + 5 mm as the content rose from 1% to 4%.
This reduction is primarily due to the high surface area of the nano-CaCQOj3, which absorbs more free
water and superplasticizer, thereby raising the water demand of the mixtures.

- The incorporation of nano-CaCOs significantly enhanced the compressive strength of UHPC,
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with improvements ranging from 1.47% to 9.49% as the content increased from 1% to 4%, due to
better particle packing and a denser microstructure. However, as the nano-CaCO3 content exceeded
3%, a slight reduction in strength was observed, likely caused by nanoparticle agglomeration and
insufficient space for hydration products to develop fully.

- UHPC containing nano-CaCO3 demonstrated higher both H and E at the ITZ in comparison to
UHPC without any nano-CaCQOs. For instance, the H and E values of UHPC-3 were 3.49 + 0.15 and
51.47 + 1.23 GPa, respectively, while those for UHPC-0 were 3.10 = 0.12 and 49.44 + 1.22 GPa,
respectively. This improvement in mechanical properties is attributed to the interfacial toughening
effect induced by nanoparticles and the improved hydration of nano-CaCOs. Additionally, SEM
images indicated that UHPC with nano-CaCOs3 had denser and more uniform microstructures than
UHPC without nano-CaCOs3.
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