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ABSTRACT: This study aims to present alternatives to reduce the demand of cement in concrete production based on particle
packing concepts. Physical and mechanical characteristics of concretes, as well as the resistance to chlorides action were analyzed.
The tests conducted in this study included compressive strength, chloride migration, capillary absorption tests and wetting and
drying cycles in 1M sodium chloride solution. Mixtures containing limestone filler presented satisfactory results compared to the
reference mixture with particle packing. Excellent results were obtained for concrete with cement consumption of 253.34 kg.m?*
in terms of compressive strength, binder index, capillary absorption and depassivation time of rebars, thus reinforcing the concept
that partial cement replacement by limestone filler yields positive results in these properties. Worse results were obtained for
concrete with a cement consumption of 161.86 kg.m, because it had a higher proportion of filler than cement. The electrochemical
monitoring of the steel bars also shows that the packing of the aggregates was essential to delay the initiation of corrosion.
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RESUMEN: Durabilidad y propiedades mecanicas de los hormigones con filer calizo utilizando empaquetamiento de particulas.
Este estudio tiene el objetivo de presentar alternativas para reducir la demanda de cemento en la produccion de hormigén
teniendo en cuenta conceptos de empaquetamiento de particulas. y la resistencia a la accion de los cloruros fueron evaluados. Las
pruebas realizadas en ese estudio fueron resistencia a la compresion axial, migracion de cloruros, absorcion capilar y ciclos de
humectacion y secado en solucion de cloruro sédico 1M. Las mezclas que contienen filer calizo presentaron resultados satisfactorios
en comparacion con la mezcla de referencia con empaquetamiento de particulas. La mezcla con un consumo de cemento de
253,34 kg.m™ demostrd excelentes resultados en términos de resistencia a la compresion axial, indice de aglomerante, absorcion
capilar y tiempo para despasivacion del acero, reforzando el concepto de que la sustitucion parcial del cemento por filer calizo
produce resultados positivos en esas propiedades. Peores resultados fueron obtenidos para el hormigén con consumo de cemento de
161,86 kg-m, debido a su composicién con mayor proporcion de filer en comparacion con el cemento. El monitoreo electroquimico
de las barras de acero muestra que el empaquetamiento de los agregados fue esencial para el retardo de la iniciacion de la corrosion.

PALABRAS CLAVE: Migracion de cloruros; Durabilidad del hormigon; Empaquetamiento; Sostenibilidad.
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1. INTRODUCTION

The construction industry faces constant challeng-
es in the search for durable, economical, and sustaina-
ble building materials. In this context, concrete is one
of the most widely used materials, both in small struc-
tures and in major infrastructure works. However, the
need to improve concrete performance, especially in
terms of durability and mechanical properties, has
driven research aimed at optimizing these character-
istics.

In developing countries, Portland cement plays a
crucial role in infrastructure expansion and housing
construction as it is widely used as a building mate-
rial. Cement production is one of the main sources
of greenhouse gas emissions; it is responsible for
approximately 5%-8% of the global CO, emissions.
Notably, cement production accounts for 95% of the
total emissions related to concrete production (1). The
demand for building materials, and consequently for
cement, has grown globally. According to the Glob-
al Construction 2030 report produced by the consul-
tancy Global Construction Perspectives and Oxford
Economics, world cement production is estimated to
increase from 4.2 billion tons in 2019 to 5.8 billion
tons in 2030 (2). This increase in cement production
can impose greater pressure on the environment and
worsen air, soil, and water quality in the production
regions.

In this context, it is important to seek more sus-
tainable and efficient alternatives for cement. Some
authors have pointed to the use of mineral additions
as one of these alternatives. According to (3), miner-
al additions can improve the mechanical and thermal
properties of concrete and reduce the demand for ce-
ment. The use of supplementary cementitious materi-
als (SCMs) in the preparation of concrete can lead to
significant energy and cost savings and environmen-
tal pollution reduction (4).

Limestone filler (LF) has been used in concrete
and mortar for many years. In 1938, (5) first reported
that CaCO, could react with cement to form calci-
um-carboaluminate. In 1977, (6) explain the forma-
tion of calciumcarboaluminate was influenced by the
amount and fineness of LF, however, this formation
apparently does not affect the compressive strength.
According to a study by (7), up to 20% of the cement
in concrete can be replaced by LF without drastically
affecting the properties of the concrete.

LF contains particles of sizes smaller than 80 um
formed by the grinding of limestone rock. This ma-
terial is usually considered an inert addition (8). It
is added to concrete and mortar as a filling material,
which increases the compactness and improves the
particle size distribution of the concrete (7, 9).

In addition to high fineness, LF also has low chem-
ical reactivity with cement, which can reduce the for-
mation of undesirable compounds, such as ettringite
(10). Substances such as ettringite can cause undesir-
able expansion and damage to the concrete structure
In addition, LF can reduce the permeability of con-
crete, thereby increasing its durability and resistance
to aggressive agents (11).

In their review article, (12) discussed that although
the use of LF to partially replace Portland cement will
undoubtedly lead to environmental benefits, to be
truly sustainable, the concrete with LF should have
mechanical properties and durability equivalent to or
superior than those achieved using regular Portland
cement concrete. The lack of cementitious or pozzo-
lanic properties of LF relative to SCMs is the predom-
inant reason for limiting the substitution of Portland
cement by LF. Therefore, it is important to encourage
research that evaluates high LF loads and their impli-
cations on the durability of these concretes.

LF acts on cement-based materials through three
mechanisms: the filler effect, nucleation, and chem-
ical effect. The filler effect is strongly linked to the
particle size. When the LF particles are finer than the
cement grains, they fill in the empty spaces between
the cement grains, improving the particle size distri-
bution and, consequently, increasing their packing.
Hence, greater compressive strength and material du-
rability are achieved (13).

In the nucleation effect, the LF, which is a calcar-
eous filler, serves as a center for the precipitation of
hydration products, thereby accelerating hydration re-
actions (14-16). The energetic surface and adsorption
ability of the calcareous filler increase with a reduc-
tion in its particle size (17). Hence, the calcareous fill-
er tends to be more effective in forming hydrates than
other mineral additions such as quartz or slag, and de-
livers a more pronounced nucleation effect than these
admixtures (18).

The chemical effect of using LF in Portland cement
originates from the formation of carboaluminates in
the mixture. In general, inclusion of 4% of LF is suf-
ficient to produce this effect. The chemical effect is
influenced by the size of the LF particles, the amount
of alumina in the cement, and other additives such as
metakaolin. The calcareous filler can react with trical-
cium aluminate or tetracalcium aluminoferrite in the
cement or with aluminates from other mineral addi-
tions, thus forming carboaluminates. However, as the
amount of aluminate phases in the clinker is limited,
the chemical effect of the LF is normally moderate
(18-21).

Addition of LF has been proven to be advanta-
geous, especially in terms the improvement of work-
ability, reduction of shrinkage, decrease in permeabil-
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ity, and optimization of the mechanical properties of
concrete (7, 9, 10, 22, 23).

The LF also plays an important role in sustainabil-
ity because its use as a mineral addition allows reduc-
ing the amount of Portland cement needed in the mix-
ture. Cement production is the major source of carbon
dioxide (CO,) emissions. Thus, incorporation of LF
will contribute to the reduction of CO, emissions as-
sociated with concrete production (24).

Particle packing is a promising approach for opti-
mizing the compactness and efficiency of concrete.
This technique fills the voids between the particles
of aggregates, cement, and LF, yielding a denser and
more homogeneous matrix. Studies have shown that
particle packing helps to improve the durability and
mechanical strength of concrete (25, 26).

Some studies, for example, that of Damineli (2013)
propose the use of filler as a tool to increase the pack-
ing and dispersion of particles, improve the rheologi-
cal behavior of the mixture and reduce the amount of
water used in concrete and mortar.

To maximize the filler effect and obtain concretes
with lower permeability, it is essential to perform a
particle packing study. This study involves a careful
analysis of the granulometric compositions of the ma-
terials using mathematical models, such as the mod-
ified Andreasen model (27). Based on the previous
granulometry analyses, an attempt is made to fill the
spaces between the larger grains with smaller parti-
cles based on calculations or experiments. The aim
was to achieve the maximum compaction among the
particles of the composite material to reach improved
compresive strength, greater durability, and extension
of the service life of structural components.

In this work, Portland cement was replaced by
LF in concretes, and the response of the mechanical
properties and corrosion resistance of steel embedded
in these concretes were verified in chloride cycles.

In this study, components were carefully selected
using a specialized software called Q-mix. This soft-
ware uses particle packing algorithms to optimize the
formulation of materials and was developed as part of
a doctoral thesis by the first author of this work. The
purpose of this software is to provide a precise math-
ematical approach to maximize the compactness and
efficiency of the materials.

The use of the Q-mix software is justified by its ca-
pacity to simulate and optimize the disposition of the

particles in concrete, considering different factors such
as the characteristics of the aggregates, proportion of LF,
and granulometric distribution of cement. Using mathe-
matical models, Q-mix can determine the best combi-
nation of components to achieve a dense and homoge-
neous concrete matrix, thus providing a material with
better mechanical properties and greater durability (28).

This study aimed to analyze the influence of par-
ticle packing on the mechanical properties and dura-
bility of concrete with low cement consumption and
high levels of LF.

2. MATERIALS AND METHODS

Concrete was prepared using fine and coarse ag-
gregates, binders, mineral addition, chemical ad-
mixtures, and water. Sand, which was used as a fine
aggregate, was classified into three granulometric
ranges: fine sand, medium sand, and coarse sand. The
coarse aggregate was a granitic crushed rock gravel.
A high-early strength Portland cement was used as the
binder and LF as mineral addition. The used chemical
admixture was a policarboxilate-based superplasti-
cizer, which allowed to obtain a concrete with a low
water/cement ratio and an suitable level of workabil-
ity. Finally, the used water was from the public water
supplier of the Paraiba state in Brazil.

2.1. Cement

The high-early strength Portland cement used fol-
lowed the specifications from the Brazilian standard
(29). This cement does not have any pozzolanic ad-
dition, and thus, the influence of this kind of mineral
addition could be neglected. Table 1 summarizes the
chemical composition of the cement used, obtained
from X-ray fluorescence (FRX) test.

The specific mass of the cement was determined to
be 3.04 g/cm?, according to Brazilian standard (30).
In addition, a laser granulometry test was conducted
on the material using laser diffraction in a CILAS
1090 SECO equipment, which can measure particles
within a range of 0.10-500.00 pum, based on the theo-
ries of Mie and Fraunhofer, which is divided into 100
classes. The results of the gulometric analysis of the
cement can be seen in Figure 1.

TasLE 1. Chemical composition of the cement used.

Oxides

Si0, ALO, FeO, Mg0 KO NaO TiO,

CaO BaO P,0 SO MnO Lol

3

(%) 22,11 399 341 197 0.6 0.3

037 6225 0.09 064 351 0.03 6.80

Lol — Loss on ignition
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2.2. Limestone filler

Limestone filler granulometry was performed us-
ing the same test and equipment described in section
2.1. From this test, the average size of the filler par-
ticles was 14.90 pm, as shown in Figure 2. Notably,
the fineness of the filler was close to that of Portland
cement, suggesting the possibility of partially replac-
ing the binder by LF, as proposed by (31) based on
previous tests.

In addition, the chemical composition of the filler
was determined through an X-ray fluorescence (FRX)
test. The FRX results are summarized in Table 2.

FiGurke 1. Laser granulometry of Portland cement and limestone
filler. D10, D50 and D90 are the mesh sizes of the sieve through

which 10%, 50% and 90% of the sample passes, respectively.

2.3. Aggregates

For an appropriate packing, it is desirable to sort
aggregates based on their granulometric characteris-
tics. In the present case sand was sorted and classi-
fied as fine, medium, and coarse sand. This sorting
was achieved by sieving the sand thorough different
meshes of sieves. To separate the coarse sand, a 1.2
mm sieve was chosen. Then, medium and fine sands
were separated using a 0.6 mm sieve mesh.

As a result, sand 1 (coarse sand) comprises the
fraction of the sand retained in the 1.2 mm sieve, and
the sand that passed through the 1.2 mm sieve and
was retained in the 0.6 mm sieve was designated as
sand 2 (medium sand). Finally, the sand that passed
through the 0.6 mm sieve was designated as sand 3

(fine sand). To determine the granulometric composi-
tion of each sand, the specifications of the Brazilian
standard (32) were followed. Two different granite
gravels were used in this work, gravel 0 (9.5 mm) and
gravel 1 (19 mm).

The specific masses of the sands were obtained ac-
cording to the Brazilian standard (33).

Regarding that aggregates characterization is es-
sential to achieve the particle packing objective, Fig-
ure 2 shows the granulometric curves of the different
aggregates used in concrete mixtures.

_ 100

90 | Average particle diameter (mm)

80 | Fine sand: 0.38 mm
70
60
50
40 Gravel 0: 7.40 mm
30
20
10
0 =SS S
0,001 0,01 0,1 1 10 100

Sieve size (mm)

Medium sand: 0.85 mm

Coarse sand: 1.90 mm

Gravel 1:15.90 mm

Cumulative passing percentage (%

—A—Fine sand —8—Medium sand —6— Coarse sand —X— Gravel 0 —0—Gravel 1

FiGURE 2. Aggregate granulometric curves.

Furthermore, Table 3 shows the specific masses of
the used aggregates, which values with the granulo-
metric distributions are helpful to build the concrete
mixtures based on packing principles.

TaBLE 3. Specific masses of the aggregates.

Specific mass (g/cm?)

Fine sand Medium Coarse Gravel 0 Gravel 1
sand sand
2.66 2.64 2.65 2.63 2.64

2.4. Concrete mixtures
2.4.1 Particle packing

To reach the appropriate particle size distribution
and meet the packing condition, the modified A&A
model (or Alfred) theoretical model was used. The
virtual granulometric distribution should be approxi-
mately equal to the real system, as proven via numeri-
cal simulations and using real mixtures by (28).

TaBLE 2. Chemical composition of the limestone filler.

Oxides CaO SiO , Fe,O,

St0 Cu0 MnOo Lol

(%) 95.743  3.455 0.46

0.1 009 005 3708
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To reach the suitable choice of the fraction of each
aggregate, regarding the appropriate diameters of the
particulate materials and the principle that the larg-
er voids should be filled by the smaller particles, the
Q-Mix software was developed by (28). The software
contributes to the calculation of the optimal propor-
tion of each aggregate fraction, optimizes the mixture
of aggregates, and improves understanding the modi-
fied Andreasen packing model.

For a better comprehension, a step-by-step in-
struction for using Q-Mix to optimize packaging is
presented.

Step 1: Feeding data obtained in the aggregate
granulometry tests.

The user is asked to enter the data obtained through
the granulometry test and name the respective aggre-
gates.

Step 2: Selection of the input parameters.

To calculate the ideal granulometric curves using
packing models, the software adopts modified A&A
model; the user can select the minimum diameter
(D), the maximum diameter (D,), and distribution
module (q) to be used.

The input data were the distribution modulus “q”,
the largest and the smallest aggregate diameter (D,
and D, respectively). D, and Dy values were fixed
at 9.5 mm (gravel 9.5mm) and 0.075 mm (fine sand),
respectively, which were obtained from the granulo-
metric analysis of the aggregates in Q-Mix.

The optimization algorithm was developed through
the linear programming, a mathematical modeling
technique in which a linear function is maximized
or minimized when subjected to various constraints.
Using the individual granulometric curves (PSD) of
each aggregate, the simulations (Q-Mix) calculated
the optimal aggregate percentages required to plot a
numerical PSD curve (mixture) with minimum devia-
tion to its respective mathematical PSD curve (Mod-
ified A&A model).

In Table 4 it is presented the mathematical solution
to the case of a mixture with “m” aggregates and “n”
sieves/particle size classes.

Where:

®. — Sieve/particle size class

pe, — Accumulated retained percentage in sieve “1”,
calculated by the modified A&A model;

pa,; — Accumulated retained percentage in sieve “i”
for aggregate a;

pc, — Accumulated retained percentage in sieve “i”
for the combination of aggregates 1, 2, ..., m;

A~ Deviation between the accumulated percentage
of aggregates retained in sieve “i” and its respective
recommended accumulated retained percentage by
the mathematical model;

RSS — Deviation between the numerical PSD and
the mathematical PSD, calculated as a residual sum
of squares, where: 1 varies from 1 to n, and j varies
from 1 to m.

The packing optimization is performed through
linear programming, in which the objective function
to be minimized corresponds to the RSS (1), and the

. Therefore, the

optimization consists in varying the coefficients fj
until a minimum RSS value is found.

[73£28
1

imposed restriction is

Where:

(Modified A&A model)

Step 3: Run the software the mixture and obtain the
optimized percentages.

After selecting the input parameters and running
the algorithm, the modified A&A model will appear
in the lower left corner of the screen. At this moment,
the “solve” command must be clicked on.

TasLE 4. Calculation process of the deviation (RSS) between the numerical and the mathematical PSD curves
for a mixture with m aggregates.

pe(%) pa, (%) pa, (%) pa, (%) pe (%) A
(Dl pe1 pa’l‘l paZ,] pam,l pc] A1 = pcl - pel
o, pe, pa,, pa,, pc, A, =pc,—pe,
o, pe, pa,, pa,, pa,, pe, A, =pc,—pe,
RSS IA?
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FiGure 3. Example of packing calculation for three chemical a content of aggregates in Q-Mix.

To obtain more satisfactory results, the chosen ag-
gregates must be of good quality, as the calculation of
the software is based on the input data.

Figure 3 shows the Q-mix software screen, in
which a random example is presented with data of
three aggregates from the local commerce (Cajazei-
ras-PB/Brazil).

2.5. Preparation, curing, and casting of the test
specimens

Initially, all the materials necessary for preparing
concrete were separated and temporarily stored. The
materials included the Portland cement; limestone
filler; fine, medium and coarse sand; small gravel;
superplasticizer and water. The dry materials were

stored in translucent plastic bags, and the superplas-
ticizer and water were stored in beakers and buckets.

Table 5 summarizes the information on the con-
sumption of materials used in concrete mixtures.
The informed data correspond to an aggregate opti-
mization process to determine the ideal percentage to
ensure the best performance of these materials. The
water/fines ratio was maintained at 0.44 for concretes
with packaging, except for T160 concrete, which, due
to the higher content of LF, required a greater amount
of water for the desired slump of about 120mm.

The aggregate contents were calculated using
Q-mix software (28), which allows to determine the
ideal proportion of materials considering the previ-
ously informed data.

Regarding admixtures, 1.8% of the total mass (ce-
ment) was used in the concretes with filler, except for
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TasBLE 5. Concrete mixtures.

Consumption of concrete materials (kg/m?)

Concrete ~ Cement Lirrflieisetrone Fine sand Me:rigm Coarse sand ((;rSa\;ir?) (Glr;“l;ilnl) Water  Water/fines S(lmu$§>
T160 161.86 222.56 200.70 437.83 510.66 674.95 - 178.05 0.46 120
T240 253.34 129.78 203.92 443.14 517.83 685,58 - 170.12 0.44 120
T320 327.13 61.34 202.82 442.44 516.05 683.06 - 172.42 0.44 125

T-RCE 384.00 - 203.13 447.51 519.53 687.44 170.25 0.44 130

T-RSE 384.01 - - 874.03 - - 978.05 170.62 0.44 125

concrete T160, which required 2.2% of superplasti-
cizer. For reference concrete (T-RCE and T-RSE)
0.8% of superplasticizer was used.

The concrete preparation procedure started with
the introduction of gravel and some amount of wa-
ter in a 150 1 concrete mixer. A few seconds after the
equipment turned on, a half of the binder was add-
ed, followed by the intercalated pouring of all of the
coarse sand to promote better mixing with the binder,
especially in filler mixes. Then, most of the water was
added to the mixer, leaving only a small amount in the
bucket to mix with the chemical admixture if neces-
sary. Then, medium and fine sand were added gradu-
ally. A few seconds after the mixture started rotating
in the mixer, the rest of the binder was added. Finally,
the additive was added to the concrete along with the
remained water calculated and stored in the beakers.

The concrete was cast into cylindrical metal molds
(dimensions: 10 x 20 cm). For each concrete mixture,
12 specimens were cast, which were mechanically
compacted. After 24 h of cast, the specimens were
demolded, identified, and submerged in a saturated
lime water solution (25 = 2°C) for 7 and 28 days to
perform compressive strength tests.

2.6. Destructive and nondestructive tests
2.6.1. Compressive strength test

Axial compressive strength tests were carried out
at 7, 28, and 90 days on cylindrical specimens, fol-
lowing the Brazilian standard (34). For these tests, a
hydraulic press, which is located in the IFPB Struc-
tures Laboratory, Campus Cajazeiras, was used.

2.6.2. Chloride migration test
Tese tests were conducted according to the guide-

lines established in the procedure for specimen prepa-
ration and the migration test described in (35). This

standard determines the migration coefficient of chlo-
rides in concrete, mortar, and other cement-based ma-
terial using a non-steady-state migration method. This
coefficient is used as an indicator of the resistance of
the material to chloride penetration.

After a period of curing in a tank containing satu-
rated lime solution, two cylindrical samples (dimen-
sions: 10 x 20 cm), aged 28 days, for each concrete
mixture (T160, T240, T320, T-RSE and T-RCE) were
removed from the tank. The specimens were divided
into five parts: they were cut perpendicular to their
longitudinal axis, and the extremities were discarded,
while the remaining three parts were used in the mi-
gration test. Thus, for each specimen, three samples
were selected, and thus, six samples were tested for
each concrete mixture.

Before starting the test, the specimens were wa-
terproofed in the entire lateral surfaces and saturat-
ed in lime water solution under vacuum. Then, the
specimens were packed in PVC tubes to ensure that
only the circular surface faces were in contact with
the solutions.

Two different solutions, one cathodic and the oth-
er anodic, were prepared. The cathodic solution was
stored in an acrylic container and contained 100 g of
NaCl for every 900 g of water. This solution was con-
nected to the negative pole of the power supply using
a stainless steel electrode. The anodic solution con-
tained 12 g of NaOH for each liter of water and was
placed in a plastic tube above the samples. This solu-
tion was connected to the positive pole of the pow-
er supply also using a stainless steel electrode. Both
solutions were maintained within a specific tempera-
ture range, usually 20°C-25°C. Figure 4 shows all the
details of the NT Build test (35).

During the test, the specimens were subjected to a
potential difference between the cathodic and anodic
solutions. The test results were used to evaluate the
resistance of concrete to the chloride migration.
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FiGurEe 4. Assembly of the migration test set.

After the testing period, specimens were splitted
into two parts with a thickness of 50 mm. Then, a
colorimetric indicator solution was sprayed. In this
case, the concrete surface was brought into contact
with a AgNO, solution, thereby initiating a chemi-
cal reaction that resulted in the formation of a white
precipitate containing free chloride ions. Thus, the
penetration of chlorides into concrete was measured.
Afterwards, the migration coefficient was calculated
acording to NT Build test (35) recomendations.

2.6.3. Capillary absorption test

Capillary absorption tests were performed to eval-
uate the capacity of concretes to absorb water through
its capillary pores. This test is important because ex-
cessive water absorption in concrete can have deteri-
orating effects, such as corrosion of reinforcements,
decrease in mechanical strength, and formation of
cracks. That is, capillary absorption tests provide im-
portant information about the water absorption capac-
ity of a material, thereby helping to identify possible
durability problems and boosting the development of
concrete protection and conservation strategies.

The capillary absorption test process followed the
guidelines described in the Brazilian standard (36).
The specimens were stored in water saturated lime
solution and were removed from the solution after 56
days for testing. These specimens were then placed
in an oven at 105°C + 5°C until reaching a constant
mass. The samples were kept in the oven until the
difference between two consecutive weighing, con-
ducted at intervals of 24 h, did not exceed 0.5% of the
obtained value. When this equilibrium was reached,
the specimens were cooled to 23°C £ 2°C, and their
masses were determined again.

In the test, the specimens were placed on a sup-
port at the bottom to ensure that they did not come
into contact with the container. Conductor wires
with cross sections of 1.5mm? were used so that the
amount of water remained constant, as it was main-
tained up to a height of 5 +£ 1 mm above the lower face
of the specimens. The container was then maintained
at room temperature (25 £ 2°C).

During the test, the mass of the specimens was
measured at intervals of 3, 6, 24, 48, and 72 h from
the moment that they were placed in contact with wa-
ter. Before each measurement, the specimens were
dried with a cloth. After the last weighing, the speci-
mens were longitudinally splitted in two parts, as rec-
ommended by Brazilian standard (37), to enable the
analysis of the water distribution inside them.

Calculations to determine the absorption coeffi-
cient (C) were performed using an Excel spreadsheet.
The coefficient C was obtained by dividing the satu-
rated mass minus the dry mass by the cross-section
area.

2.6.4. Wetting and drying cycles in NaCl solution
The test consists of subjecting the specimens to

wetting and drying cycles in aggressive solution. The
wetting semi-cycle was characterized by a total im-

FiGure 5. Wetting and drying test setup.

Materiales de Construccion 74 (355), July-September 2024, e348. ISSN-L: 0465-2746. https://doi.org/10.3989/mc.2024.366423



Durability and mechanical properties of concretes with limestone filler with particle packing * 9

mersion in a 1M sodium chloride solution for 2 days
and the drying semi-cycles was performed in an oven
at 40°C for 5 days (Figure 5). The adopted solution
had a concentration commonly reported in the litera-
ture (38-40) and the characteristics of the drying peri-
od was similar to some previous works (39, 41).

2.6.5. Electrochemical monitoring

Electrochemical monitoring was conducted by
measuring the corrosion potential in an open circuit
setup and the polarization resistance (Rp) with ohm-
ic drop compensation, which was used to obtain the
instantaneous corrosion current density. This tech-
nique is widely used in studies on the critical content
of chlorides to detect depassivation of reinforcement
(42-44).

The equipment used in the electrochemical meas-
urements was a bench potentiostat, model VersaS-
TAT 3, Princeton Applied Research. A Cu|CuSO,
(ESC) reference electrode and a stainless-steel coun-
ter electrode were used, and following the methodol-
ogy used by (45). All the measurements were carried
out in a Faraday’s cage to avoid any external inter-
ference.

The American standard (46) suggests the proba-
bility of corrosion based on the measured corrosion
potential (Table 6).

TaBLE 6. Classification of corrosion potentials according to (46).

Potential - E (mV -ESC) Corrosion probability

E>-200 <10%

—200>E >-350 Uncertainty about corrosion

E <-350 >90%

o
S

The Rp technique assume that there is a linear rela-
tionship between a small polarization (AE < 20 mV)
around the open-circuit corrosion potential and the
corresponding current (Af) variation, such that Rp =
AFE /Al where Rp is the polarization resistance. Once
Rp is determined, the reinforcement corrosion current
density in concrete, I, can be estimated using the
Stern— Geary Equation [2] (47):

. BB
corr 5 ﬁ . IB N £ [2]
B . W 5
As R _AE and B:M the
.Y 2.3(B,ep.)
Equation can be simplified as follows:
B
[C‘OI‘)‘ = [3]
RP

where:

B, e B.= anodic and cathodic Tafel constants, re-
spectively;

AE = applied potential;

Al = current variation;

B = Stern—Geary constant.

Tafel constants can be determined experimentally,
but a high polarization is necessary for this measure-
ment. High polarization will cause irreversible distur-
bances in the system. Therefore, using Equation [3],
B =26 mV is adopted (48), considering the reinforce-
ment inserted in the concrete under an active condition.

Dividing the value of /by the exposed area to
corrosion, the corrosion rate per unit area is obtained,
and it is normally expressed in units of microamperes
per square centimeter. Values of i below 0.1 nA/
cm? indicate negligible corrosion from a practical

()] N ~
o o O
T T T
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T T T
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FiGure 6. Compressive strength of the studied concretes at 7, 28, and 90 days.
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point of view, and therefore, the steel reinforcement
can be classified as “passive” (48).

2.7. Statistical analysis

The data experimentally obtained were analyzed
using the statistical tool analysis of variance. This
tool allows one to compare multiple groups, based on
the F test, to establish the acceptance or rejection of
the null hypothesis (Ho), which is determined through
equality between the compared means. In addition,
the Tukey test was performed for the data characteri-
zation process to identify differences and homogenei-
ty of variance between groups. The significance level
adopted for the study was 5%.

3. RESULTS AND DISCUSSION
3.1. Compression Strength

Figure 6 presents the results of the axial compres-
sive strength tests for each mixture. It can be seen the
effect of an increasing percentage of LF mass on the
compressive strength at 7, 28, and 90 days.

As expected, it was verified that the compressive
strength increased with time and decreased with the
addition of LF, except for the T240 concrete, which
presents an intermediate LF content. When compar-
ing the other mixtures containing filler with the T240
concrete, which exhibited the highest compressive
strength at all ages and had a better performance than
the reference mixture without packing at the ages
of 28 and 90 days. It is important to emphasize that
the mixtures T160, T240, T320, T-RCE, and T-RSE
reached the minimum compressive strength of 20
MPa at 28 days, as required by the Brazilian stand-
ards.

(49) concluded that, in some replacement ranges,
the addition of LF caused an increase in the compres-
sive strength of the concrete, whereas in other propor-
tions, there was a decrease in this property.

Shows
statistical
difference

No statistical difference

FiGure 7. Tukey test for compressive strength of concrete.

Other studies also corroborate this trend of a reduc-
tion in compressive strength with an increase in the LF
content in concrete. For example, (9) reported a de-
crease in compressive strength with an increase in LF
content in concrete. The authors concluded that increas-
ing the LF content reduced the compressive strength
because LF was less reactive than Portland cement.

The influence of LF content on compressive
strength of concretes is more significant at higher re-
placement levels because, at lower levels, the packing
of the cementitious matrix promoted by the filler com-
pensates the reduction of cement hydration products
(50). Replacing part of the cement by LF increases the
effective water to binder products and provides more
space for hydration products, increasing the hydration
degree of the binders. In addition, the filling effect and
the heterogeneous nucleation of LF also contribute to
the compressive strength increase. As a result, when
small proportions of Portland cement are replaced by
LF, there may be an increase in compressive strength
(23). Figure 7 presents the results of the statistical
analysis of the compressive strength results.

The results of the Tukey test showed a statistically
significant difference in the compressive strength of
the T-160 mix compared with all the other analyzed
mixes (T-240, T-320, T-RCE, and T-RSE), indicat-
ing that T-160 has a different and lower compressive
strength. Another important analysis was the compar-
ison of the T-240 concrete with the other concretes;
T-240 did not show any statistically significant dif-
ference to the T320 concrete, even though the latter
contained 29.12% more Portland cement. This re-
sult indicates that this filler replacement proportion
achieved the best matrix packing.

3.2. Binder intensity

Obtaining concrete with low environmental impact
comprises much more than only replacing clinker by
mineral additions. To produce more environmentally
efficient concretes, it is necessary to reduce the bind-
er consumption while increasing or maintaining the
mechanical performance. Based on this premise, (51)
proposed an indicator called binder intensity (Bi),
which evaluates the efficiency of concrete consider-
ing the amount of binder needed to reach a mechanical
strength of 1 MPa. Thus, the Bi allows a more compre-
hensive analysis of the efficiency of concrete, consider-
ing both the environmental aspect and the mechanical
performance.

[4]

where,
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TasLE 7. Compressive strength and Binder Intensity of studied concretes at 7, 28 and 90 days

Binder intensity

Cement consumption

Compressive strength (MPa)

Concrete Ka/m? Bi-7days  Bi-28days Bi-90 days
(kg/m?) 7 days 28 days 90 days
T-160 162.65 20.59 24.71 27.94 7.90 6.58 5.82
T-240 253.33 43.51 60.40 64.87 5.82 4.19 3.90
T-320 327.13 44.72 56.84 59.26 7.32 5.76 5.52
T-RCE 384.01 52.14 63.30 68.12 7.74 6.07 5.63
T—-RSE 384.00 46.16 55.18 57.72 8.32 6.96 6.65
Bi = binder intensity, in kgm>MPa™'; 35
C = cement consumption (kgm™); 2
R = compressive strength (MPa). G
For each concrete mixture analyzed, the Binder In- ?
dex (Bi) was calculated considering the compressive B 028 days
strength at 7, 28, and 90 days, along with the respec- = @50 days
tive cement consumption. Following the classification S
. . . . =]
proposed by (52), which considers high-efficiency H
concretes as those with an Bi of up to 5 kgm™ MPa™!, b=

at 28 days, the obtained values were compared to de-
termine the efficiency of the studied concretes. Table
7 presents all the Bi results for all concrete mixtures.
From the data in Table 7, it can be seen, in general,
that the Bi decreases as the LF content increases. In
the particular case of T240 concrete, Bi assumed the
lowest values, showing that an optimal percentage of
cement replacement by filler can be reached to con-
crete achieve a good binder index. This result shows
that T240 concrete presented a better performance
than the reference concrete using packing procedures.
Figure 8 shows the Bi results extracted from the
literature and the concrete results of this study (9,
31, 53-63). It can be observed that the studied con-

Ficure 8. Relationship between binder intensity and compressive
strength at 28-days - literature and experimental data.

T240 T320 T-RSE T-RCE

FiGure 9. Migration coefficients
for the studied concretes.

cretes present good results compared to other works
that studied different concretes with different types of
mineral additions.

3.3. Chloride migration

Non-steady-state accelerated migration tests were
performed at 28 and 90 days of age for the studied
concretes, following the procedures described by
(35). The migration coefficient values obtained for
each experimental condition at their respective ages
are shown in Figure 9.

The results showed that the partial replacement of
Portland cement by LF increased the chloride migra-
tion coefficients ions at all ages compared to the ref-
erence mixtures.

Furthermore, there was a significant reduction in
the migration coefficients in concretes with advanced
curing ages. For example, concrete T160 was 25.92%
more resistant to chloride ingress at 90 days than at
28 days of curing. In the mixtures with higher cement
contents, chloride migration coefficient decreased,
but the reduction was less significative than that ob-
served in the first test at 28 days.
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The results obtained in this work are in agreement
with the results reported by (23). These authors ar-
gued that chloride penetration into concrete were
deeper in concretes containing LF than in concretes
that did not have this kind of mineral addition. These
authors explain that the deeper penetration of chloride
ions in these concretes are related to the higher level
of OH™ ions present in the pore fluid of the concrete
made with LF, and the characteristics of the porous
and connected paste—aggregate interfacial transition
zone (ITZ) associated with LF particles addition. (64)
suggested that the OH™ ions present in the pore fluid
act as a supporting electrolyte and are responsible for
the transportation of a significant amount of charge
during chloride ion permeability test because of its

TasLE 8. Classification according to the penetration resistance

of chlorides (66).
Chloride migration coefficient ~ Resistance to chloride pene-
(D, x 102m?/s) tration

>15 Low
10-15 Moderate
5-10 High
2.5-5 Very high
<2.5 Extremely high

= 80

S

= e

gz 607 o O

S 50 A T

B

5 404 T

5 y =-2,6495x + 85,696

g 301 R>=0,3064 e}

2 20

S 10

[=9

E o . . . .
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FiGurke 10. Correlation between chloride migration coefficients
and compressive strength.
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FiGure 11. Correlation between chloride migration coefficients
and cement content.

higher ionic conductivity than the other ions present
in pore fluid (Na*, K* and Ca*"). (65) reported a reduc-
tion in chloride migration coefficients when a blast
furnace and LF were used However, they used much
less LF than that used in this research.

Considering the classification presented in Table 8,
T-RCE and T-RSE concretes demonstrated moderate
resistance to chloride migration, whereas the T-320,
T-240, and T-160 concretes showed low resistance at
28 days.

Chloride migration coefficients were correlated
with other concrete study parameters, such as com-
pressive strength and cement consumption. The re-
sults obtained are presented in Figures 10 and 11.

When comparing the results of chloride migra-
tion coefficients with the compressive strength and
cement content, it was observed that cement content
correlates better with migration coefficients. Howev-
er, chloride migration coefficient also presents good
correlation with compressive strength (R* = 0.8064).

(67) stated that compressive strength is directly re-
lated to concrete durability, including the reduction
of the chloride migration coefficient. They explained
that a denser and more resistant concrete matrix is
less porous, which makes it difficult for chloride ions
to penetrate.

By analogy, the graph in Figure 11, which corre-
lates cement content to the chloride migration coef-
ficient, also reinforces the conclusion that the greater
the cement content, the less easy it is for chlorides
to penetrate into the concrete, which presents relation
with the increasing chloride binding ability of con-
cretes with higher cement content.

FiGure 12. Correlation between capillary absorption
and square root of time.
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3.4. Capillary absorption

Water capillary absorption by the capillarity of cy-
lindrical specimens (C) is calculated using the follow-
ing Equation:

[3]

Where Msat (g) is the saturated mass of specimen,
Ms (g) is the mass of the dry specimen and S is the
cross-section area (cm?).

When plotting a graph with the values of C

Ficure 13. Correlation between capillary absorption coefficient
and cement content.

(g.cm—2) against the square root of time, a linear rela- The mixtures containing an adequate proportion of
tionship is observed, as shown in Figure 12. The slope LF resulted in good absorption results. However,
of this curve is the coefficient of capillary absorption. the T160 concrete, which contains a high amount of

FiGure 14. Electrochemical monitoring of the steel bars embedded in concrete (average results).
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FiGurk 15. Depassivation time of bars embedded
in concrete.

filler, exhibited greater water absorption coefficient
than the T320 concrete, which was about 40% higher.
Furthermore, particle packing, which determines the
filling of voids, greatly affected the result of capillary
absorption. The T-RCE concrete presented the best
results in the water capillary absorption test, which
presented a capillary absorption raten 56% lower than
the reference mixture without packing.

The correlation between cement consumption and
capillary absorption coefficient is better represented
in Figure 13. Concrete with a high cement replace-
ment rate, and consequently, lower content of this
binder, yielded high absorption values. The Figure 13
also highlights the difference between concrete with
packaging (T-RCE)and conventional reference con-
crete (T-RSE).

3.5. Electrochemical monitoring

Figure 14 shows the results of electrochemical
monitoring of the steel bars embedded in concrete.

As expected, the steel bars embedded in T160
concrete, which had the lowest cement consumption,
were the first to depassivate, requiring 119 days under
wetting and drying cycles. T160 was closely followed
by the reference concrete without aggregate packing
(T-RSE) that showed a shift in the current density
measurements after 133 days. Even with 57.19% less
cement, T160 concrete presented a performance close
to that of the conventional concrete (T-RSE). Figure
15 shows the reinforcement dpassivation times for all
concretes.

(44) studied concretes with ceramic residues (CR)
and electrochemically monitored bars embedded in
concrete with 10% and 30% of cement replacement
by this residue, resulting in cement consumptions of
372.9 kg.m > and 290 kg.m3, respectively, and a ref-
erence concrete with cement consumption of 414.3
kg.m™. The results of the electrochemical monitor-
ing show that the passivation of the reference bars
occurred in approximately 40 days, while that of the
concrete with 10% RTM occurred in approximately
28 days and that of the concrete with 30% RTM oc-
curred in 42 days. (68) monitored self-compacting
concrete with an average cement consumption of 515
kg.m>. Despite the high cement consumption, the
bars depassivated after 50 days. Therefore, we can
infer that the packaging of the aggregates applied in
concretes T160, T240, and T320 compensated for the
reduction in the cement content, thereby retarding the
activation of rebars in these concretes.

FiGure 16. Correlations between cement content, depassivation time, and chloride migration coefficient, considering only packed
concretes (a) and (b) all concretes.
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The correlations shown in Figure 16 explain the ef-
fect of packaging on the initiation time of corrosion by
chlorides. In the electrochemical monitoring, for the
group of concretes with identical granular skeletons,
cement content and chloride migration coefficient
were strongly correlated (Figure 16 (a)). Since this
also depends on the cement as the greater the clinker
content, the greater is the aluminate content that can
combine with the chlorides and fix them in the matrix,
and in turn, longer is the depassivation time (69-71).
Figure 16 (b) shows that there was no considerable
correlation when comparing the concrete with pack-
ing with the reference concrete, even when the latter
had a higher cement content. Thus, it was confirmed
that the packing has a significant role in corrosion in-
itiation retardation.

4. CONCLUSION

From an analysis of the results presented in this

paper, the following conclusions can be drawn:

* In general, when increasing limestone filler con-
tent, the compressive strength decreased com-
pared with the reference concrete with packing
(T-RCE). However, the concrete with cement
consumption of 253.34 kg.m-* (T240) presented
excellent results in the compressive strength test,
with results quite close to those of the reference
concrete with packing (T-RCE) and with supe-
rior performance than the other concretes con-
taining limestone filler and the reference without
packing.

» Concretes with limestone filler had higher bind-
er efficiency than reference concrete, especially
T-240, which presented a Bi about 30% lower
than that of T-RCE, reinforcing the idea that there
exists an ideal percentage of cement replacement
by limestone filler to optimize concrete perfor-
mance.

» The greater the replacement of cement by lime-
stone filler, the greater was the chloride migra-
tion coefficient. However, this growth tendency
tends to reduce when increasing the curing time
from 28 to 90 days.

» The results of the T-240 concrete were very sim-
ilar to those of concrete with cement consump-
tion of 327.13 kg.m-* (T320). That is, even with
a higher amount of filler, the results were similar
to those of a mix with a lower mineral addition
percentage in chloride migration and capillary
absorption tests.

* In terms of capillary absorption by capillarity,
the results of correlation with cement consump-
tion confirmed that porosity is linked to cement

hydration products. However, the physical and
chemical effects of the limestone filler, together
with the packaging of the aggregates, contrib-
uted to concretes with cement replacement by
lime filler present superior results than reference
concrete without packing and with no cement re-
placement.

* Electrochemical monitoring showed that pack-
ing of the aggregates was essential to delay the
initiation period of corrosion in concretes with a
high limestone filler content.

In summary, the present work showed that applying
packing concepts can make viable the use concretes
with high levels of cement replacement by limestone
filler and that there is an ideal level of cement replace-
ment to maintain or increase the expected concrete
performance. It is recommended that future work
should analyze the critical content of chlorides in con-
crete with high levels of limestone filler.
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