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Abstract. This study explores the influence of sodium gluconate (SG), an organic electrolyte, on the
rheology and mechanical properties of ultra-high-performance fiber-reinforced concrete (UHPFRC).
SG was incorporated at varying dosages (0.03%-0.15%) to assess its effects on workability, hydra-
tion, porosity, and fracture behavior. Key findings demonstrate that SG effectively retards hydra-
tion by inhibiting gypsum dissolution and AFt formation, resulting in significant delays in setting
time—up to 295% with higher SG content. Furthermore, increased SG dosages improved workabil-
ity, with a slump diameter increase of up to 56%, facilitating better fiber distribution and bonding.
No major chemical changes were observed in the concrete matrix; however, SG decreased macro-
pores (> 10pm) and increased micropores (< 0.1pm), which contributed to enhanced mechanical
performance. Compressive strength rose by 9.5%, and flexural cracking initiation improved by 38%
for Mix-0.15. Residual flexural strengths also showed substantial increases (up to 38%), attributed
to improved fiber-matrix adhesion. These findings highlight SG’s potential to improve UHPFRC’s
mechanical properties and durability, making it a promising additive for high-strength construction
applications.

1 INTRODUCTION tion. Given these characteristics, the explo-
ration of recycled materials in concrete produc-
tion has garnered considerable attention from
researchers in recent decades [/1]].

In the field of construction, concrete is a
widely used material due to its remarkable char-
acteristics, such as its exceptional compressive
fiber-reinforced

strength, durability, cost-effectiveness, abun-
dant availability of constituent materials, and
adaptability to various shapes through casting
molds. However, one of its main drawbacks
is the high CO, emissions in clinker produc-

Ultra-high-performance
concrete (UHPFRC) is an innovative cement-
based composite material known for its ex-
tremely high strength, exceptional durability,
and remarkable toughness. The components
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used in the formulation of UHPFRC predom-
inantly include cementitious materials, quartz
sand, chemical additives, and water, among
others. Additionally, the integration of high-
strength steel fibers into UHPFRC serves to
substantially enhance the toughness and tensile
strength of the concrete. The demand for UH-
PFRC continues to grow due to its use in large
structures. One application of this material is its
use in structures designed for the storage or pro-
duction of thermal energy, such as steam stor-
age tanks in solar thermal power plants or salt
storage tanks. Compared to conventional con-
crete, UHPFRC is known to have higher viscos-
ity and pumping losses. Therefore, admixtures,
including retarders and additional plasticizers,
must be incorporated.

The integration of steel fibers is widely rec-
ognized for potentially decreasing the flowabil-
ity of ultra-high-performance concrete (UHPC),
resulting in increased air content in its fresh
state and, consequently, higher porosity in the
hardened state. Research has indicated that
UHPC mixtures incorporating fibers with a
smaller aspect ratio are more workable, even at
higher fiber dosages, compared to mixtures with
fibers possessing a larger aspect ratio. However,
it is noted that fibers with a smaller ratio tend to
lower strength [2].

As a consequence, a high-performance su-
perplasticizer is a crucial element in the prepa-
ration of UHPFRC, improving its rheology. Re-
cently, the development of polycarboxylate su-
perplasticizers has offered crucial technological
support for the advancement and realization of
such concretes. Nonetheless, solely utilizing
these superplasticizers often fails to meet UH-
PFRC’s combined fluidity loss standards [3]].

sodium gluconate (SG) is an organic elec-
trolyte known for its high water solubility.
SG also acts as a high-performance plasticizer.
While SG alone has a relatively low water re-
duction rate, it can make a significant differ-
ence in improving the water reduction rate or
enhancing the concrete’s flowability and reduc-
ing slump loss when paired with other super-
plasticizers. The addition of SG can delay ce-

ment hydration, reduce adsorption, and increase
the concentration of other superplasticizers in
solution, leading to increased concrete fluidity
and reduced slump loss [3]].

Several hypotheses describe the setting
retarding mechanism of sodium gluconate.
Firstly, it is proposed that SG impedes the hy-
dration process of tricalcium silicate (C3S) by
adsorbing onto specific dissolution sites on the
surface of the silicate phase. This leads to di-
minished hydration heat and rate, thereby ex-
tending the induction period and delaying the
setting. Another perspective suggests that the
adsorption or complexation of SG with Ca®"
hinders the formation of ettringite (AFt) [4].
Furthermore, it is suggested that SG delays AFt
formation by impeding the dissolution of cal-
cium sulfate dihydrate (CaSO,4-2H,0), which
is crucial for AFt production [4]. Addition-
ally, a theory revolves around the control of cal-
cium hydroxide (CH) crystals, indicating that
SG suppresses the typical precipitation of CH
by restricting the growth of CH nuclei. How-
ever, the predominant role among these four
mechanisms and their interrelation remains un-
clear at present.

Recent studies have identified the opti-
mal dosage of superplasticizers, ranging from
0.03% to 0.07% concerning cement content.
Notably, varying quantities of superplasticizers,
coupled with different superplasticizer dosages,
led to diverse degrees of enhancement in con-
crete strength. Each superplasticizer amount
corresponded to an optimum dosage for achiev-
ing peak concrete strength. Furthermore, dif-
ferent cement varieties showcased distinct op-
timal dosages, highlighting concerns regarding
superplasticizer-cement compatibility. How-
ever, the mechanism underlying superplasti-
cizers’ enhancement of cement compressive
strength remains elusive, since the amount of
superplasticizer, as well as its aspect ratio, has
varied in previous investigations.

2 MATERIALS AND METHODS

In this study, three different materials were
used as binders. Type I cement of 52.5 R/SR,
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according to EN 197-1 [5], was produced by
Portland Valderrivas. The S-92-D silica fume
was provided by the SIKA company, while the
ground-granulated blast-furnace slag (GGBS)
was obtained from the Arcelor-Mittal com-
pany. Regarding the aggregates used, two types
of quartz sand were utilized: the finest sand
(Quartz sand 1) with a maximum particle size
of 0.315 mm, and the coarse sand (Quartz sand
2) with a particle size below 0.800 mm. Steel
fibers measuring 13 mm in length and 0.2 mm in
diameter, sourced from Beckaert, were also em-
ployed. The superplasticizer (20HE) was sup-
plied by SIKA, while SG with a purity of 99.8%
was obtained from Scharlab.

Table 1: Design for plain concrete

Constituent/mix  (kg/m3)
Cement 540
Quartz sand 1 470
Quartz sand 2 470

GGBS 310
Silica fume 210
Water 199
Steel fibers 196

Superplasticizer 43

Four different formulations of ultra-high-
performance steel fiber-reinforced concrete
were produced, each differing in the quantity
of SG incorporated. The matrix dosage re-
mained consistent across all mixtures (see Table
1), while varying proportions of SG additions
were added (0.00%, 0.05%, 0.10%, and 0.15%
of the cement content). These four formulations
are denoted as Mix-0.00 (representing the refer-
ence concrete), Mix-0.05, Mix-0.10, and Mix-
0.15, respectively.

2.1 Slump Flow Assessment

A modified mini-slump test was developed
to evaluate the workability of fresh concrete,
adhering to the guidelines of EN 12350-2 [6].
The setup for this test used a smaller version
of the geometric Abrams cone with dimensions:
50 mm diameter at the top, 100 mm diameter at

the base, and 150 mm height. The test was per-
formed on a flat surface made of the same ma-
terial. Following the standard procedure, mea-
surements were taken with a gauge accurate to
one millimeter, and the results were averaged
from four readings.

The Abrams cone was quickly filled with
fresh concrete and then slowly lifted to reduce
inertial effects. Five seconds after removing the
cone, the slump of the concrete was measured,
which is the vertical distance between the orig-
inal height of the concrete and the height of the
slumped concrete. This method provides infor-
mation on the concrete’s consistency and ease
of placement.

Additionally, two measurements were taken
directly above the resulting specimen in orthog-
onal directions, producing two similar diame-
ters. The average of these measurements gives
the slump flow rate. The self-compacting abil-
ity of the concrete was evaluated using the mean
value of the flow extension. If the diameter
of the spread concrete exceeds 28 cm in a test
with a 30 cm cone, the mix is classified as self-
compacting [/7].

2.2 Porosity Assessment

A porosimetry analysis was conducted using
a Micromeritics Autopore IV mercury intrusion
porosimeter (Norcross, U.S.A.). The study en-
compassed a pore size range from 0.007 to 150
pm. For sample preparation, they were formed
into 5 mm pellets and then dried in an oven at
105°C. Important parameters included a surface
tension of 480 mN/m, a contact angle of 140°,
and a maximum pressure of 413 MPa. These
factors were essential for achieving precise and
dependable porosity measurements.

2.3 Mechanical Properties

The compressive strength evaluation was
performed on three cubic specimens, each with
a side length of 40 mm, for every concrete type,
adhering to the EN 12390-3 standard [3]. These
tests were conducted using a servo-hydraulic
testing machine with a 3000 kN load capacity.

Three-point bending tests were conducted on
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each type of manufactured concrete using pris-
matic specimens measuring 40 mm by 40 mm
by 160 mm. These tests followed the EN 14651
standard [9]]. Prior to testing, a precise notch,
equal to one-sixth of the specimen’s depth [9]],
was made at the center of each sample. The
tests were performed with hydraulic equipment
capable of a maximum load of 50 kN, using
crack mouth opening displacement (CMOD)
control. In addition to recording the 5 mm
CMOD, the deflection at the specimen’s center
was measured with a 10 mm vertical transducer.

3 RESULTS AND DISCUSSION

This section presents the findings from
the conducted tests, including slump tests,
porosimetry analyses, and compressive and
flexural tensile strength evaluations. These re-
sults offer a detailed overview of the concrete’s
workability, pore structure, and mechanical per-
formance, providing a basis for in-depth discus-
sion and analysis.

3.1 Slump Test Analysis

The outcomes of the Abrams slump tests for
each mixture are illustrated in Figure 1. These
figures clearly show a consistent pattern: as the
SG content increases, the spread values also
rise. For example, at an SG/binder ratio of
0.15, there is a notable 55% increase compared
to the UHPFRC without the high-performance
plasticizer. Additionally, it is important to note
that all mixtures demonstrate self-compacting
properties. This means that the concrete can
flow and fill formwork solely under the influ-
ence of gravity, even with dense reinforcement,
without the need for vibration, while maintain-
ing uniform consistency throughout the process
[10]. Conversely, regarding the concrete slump,
a consistent positive trend is observed, reflect-
ing the slump flow relationship, which consis-
tently indicates the fluidizing effect of SG on
concrete. Moreover, none of the pastes showed
significant deformation or segregation during
the mini-slump test.
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Figure 1: Slump flow and height results of mixes with
different SG content.

3.2 Pore Structure Analysis

Porosity is a critical factor in assessing the
compressive strength of concrete. The presence
of pores within the concrete matrix reduces the
solid surface area available for stress transmis-
sion, thereby compromising the material’s load-
bearing capacity. It is essential to consider not
only the total porosity but also the size, distribu-
tion, and interconnectivity of the pores, as these
aspects significantly influence the mechanical
behavior [11]. Specifically, macropores, which
are pores larger than 0.1 pm, weaken the con-
crete matrix by creating stress concentration
points and facilitating crack propagation.

Conversely, micropores, which are smaller
than 0.1 pm, do not significantly impact com-
pressive strength. In fact, a small amount of
micropores can be beneficial by enhancing the
workability of concrete and reducing shrinkage.

The porosimetry results (Figure 2) indicate
that as the SG percentage increases, the number
of pores larger than 50 pm decreases, while the
number of pores smaller than 0.1 pm increases
in all samples with added SG. Pores in the 0.5 to
5 pm range decrease due to the formation of et-
tringite from the addition of SG. This reduction
in large pores is expected to increase compres-
sive strength. However, it is important to con-
sider other factors that may affect porosity, such
as an excess of superplasticizers, which could
increase pore size and total porosity in pastes,

Slump height [cm]
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mortars, and concretes.
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Figure 2: Pore size distribution of Mix-0.00 (solid line),
Mix-0.05 (dashed line), Mix-0.10 (dash-dot line and Mix-
0.15 (dotted line).

3.3 Compressive Strength

The mean compressive strength values de-
rived from four repetitions are shown. As il-
lustrated in Figure 3, the average compressive
strength of the concrete increased with higher
SG concentrations. For the Mix-0.05 concen-
tration, there was a negligible 0.4% increase
in compressive strength compared to plain con-
crete. However, for the Mix-0.10 concentration,
the increase was 4.5%, and for Mix-0.15, it was
9.5% higher than plain concrete.

These results are closely related to poros-
ity. For Mix-0.05, the increase in compressive
strength was minimal because the porosity for
pores larger than 1 pm was similar to that of
Mix-0.00, as shown in Figure 2. In contrast,
for Mix-0.10 and Mix-0.15, a more significant
reduction in porosity was observed for pores
larger than 1 pm, particularly in the range of
pores larger than 90 pm. This demonstrates the
consistency and correlation between compres-
sive strength and the internal porosity of the ma-
trix.
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Figure 3: Compressive strength of mixes with different
SG content.

3.4 Residual Flexural Tensile Strength

After understanding the residual behavior
of this ultra-high-performance fiber-reinforced
concrete, we will examine the impact of SG ad-
dition on residual strength.

At all SG concentrations, there is an ob-
served increase in the initiation of flexural
cracking (black squares in Figure 4): 10%
for Mix-0.05, 31% for Mix-0.10, and 38% for
Mix-0.15. This improvement is linked to the
reduction of macropores, as indicated by the
porosimetry results (Figure 2), due to the inclu-
sion of SG.

For the Mix-0.05 concentration, f; (black
square in Figure 4) is enhanced by 10%, fg:
improves by 9%, while fro remains negligi-
ble, and fr3 and fgr, decrease by 7% and 9%,
respectively. This slight improvement in fiber
adhesion results in fz; for Mix-0.05 being 9%
higher than fg; for Mix-0.00.

Increasing the SG concentration to 0.10%
further improves adhesion, affecting more
fibers and enhancing their effectiveness. fg;
increases by 30%, fre by 23%, and the resid-
ual strengths fr3 and fr4 each increase by 12%
compared to Mix-0.00.

As anticipated, the same pattern is observed
for the Mix-0.15 concentration, with fg; in-
creasing by 38%, frs by 33%, fr3 by 23%, and
fra by 27%. In summary, it has been noted
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that adding SG has a dual effect on enhancing
both the initial crack resistance and the resid-
ual strength of fiber-reinforced concrete. The
first improvement is that the matrix becomes
more robust as the SG concentration rises, due
to the reduction of macropores within the ma-
trix. Secondly, the inclusion of SG enhances the
encapsulation of fibers by the cementitious ma-
terial, thereby improving fiber adhesion, which
directly impacts the residual strength. This re-
sults in better performance, especially for Mix-
0.15.

40

0.00 0.2)5 0.|10 0.15
SG content [%]

Figure 4: Residual flexural strength of mixes with differ-
ent SG content.

4 CONCLUSIONS

This study investigates the impact of sodium
gluconate on the UHPFRC matrix, keeping the
steel fiber content constant across all samples
while varying the dosage of the acid sodium salt
to evaluate its effects. The specimens were sub-
jected to compressive and flexural loading tests,
leading to several conclusions.

The evaluation of the matrix in its fresh
phase showed a significant increase in work-
ability with higher SG content. Using SG
dosages of 0.10% and 0.15% resulted in a
nearly 43% and 56% increase in slump diameter
compared to plain concrete. This suggests that
the fluidization of the cementitious mix may en-
hance steel fiber bonding. Furthermore, it is
inferred that in UHPFRC with approximately

10% steel fibers, the fluidization of the cemen-
titious matrix contributes to a more uniform
structure.

No significant chemical changes were ob-
served in the matrix at the dosages investi-
gated. Additionally, the addition of SG reduced
pores larger than 10 pm while increasing those
smaller than 0.1 gm. This confirms the benefi-
cial impact of SG on ensuring fiber distribution,
effectively halting the propagation of microc-
racks and delaying the development of macro-
cracks, thereby significantly enhancing the me-
chanical properties of UHPFRC, including flex-
ural and compressive strength.

The compressive strength and the initiation
of flexural cracking of the concrete matrix in-
creased by 9.5% and 38%, respectively, for
Mix-0.15, due to the reduction of macropores
larger than 50 pm. Residual strengths have
been improved by the enhancement of fiber-
matrix adhesion due to better concrete worka-
bility in the fresh state, resulting in better fiber
coverage by the matrix. For Mix-1.5, the great-
est improvement was observed, with fg; in-
creasing by 38%, frs by 33%, fr3 by 23%, and
fra by 27%, compared to concrete without SG.
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