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Abstract: Knowledge about air-incorporating additives in concrete can favor civil construction with
structures that are lighter and more economical. This study investigated the production of concretes
with the addition of 1 to 3% of air-entraining additive via the Micro-CT imaging technique. From
the microtomography obtained, it was possible to obtain two-dimensional and three-dimensional
images of the analyzed samples. The analysis of these images, using FEI Avizo 9.0 image processing
software, allowed for obtaining the volumes of concrete, mortar, voids, and porosities of concrete
mortars, in addition to the quantities, shapes, and dimensions of pores (voids) present in the samples.
The air contents of the concrete with incorporated air were higher than the reference concrete, directly
proportional to the additive contents used, and very close to the mixes with the same additive
contents. Both the standard and modified mixes showed an increase in air content as the additive
content increased. The specific mass of the concretes decreased as the additive content increased
in the standard and modified concretes. As for consistency, the air-incorporated concretes showed
greater slumps compared to the reference concrete and increased as the additive content increased,
demonstrating the action of the air-incorporating additive in improving workability.

Keywords: air entrained concrete; Micro-CT; concrete; pores; density

1. Introduction

In the last century, the construction of tall buildings has been increasingly common
throughout the world [1]. This increases the demand for concrete, making it the most
consumed material in the world [2,3], with production of approximately 10 billion cubic
meters [4]. According to its density, concrete can be classified as conventional, heavy, and
light [5]. Conventional Reinforced concrete (RC) and steel-concrete composite structures
(SCCSs) [1] can be produced and have their technological properties improved using the
addition of additives in their composition that incorporate new properties into conventional
concrete, which aim to provide performances suitable in particular application situations,
with emphasis on lightweight concrete mixtures [6,7].

Lightweight concrete is widely used in the construction industry [5] and is categorized
as lightweight aggregates, aerated, and foamed concrete. Lightweight concrete can be
produced by adding lighter materials to the mixture to replace conventional materials
such as glass foams [6,8], bamboo fibers [9], waste PET bottles [10], glass bottles [11],
or the addition of air-entraining admixtures (AEAs), which are used in order to create
macro pores that reduce the pressure of ice formation in the binding matrix. Air-entraining
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additives were discovered in the 1930s in New York City after concrete collapsed, and
air-entraining agents are primarily used to ensure a quality air void system that protects
concrete from frost damage. AEAs also affect many additional fresh and hardened concrete
properties [12,13]. Foamed concrete (FC) receives randomly distributed air bubbles in the
cement paste [14]. It has a low density (400~1850 Kg/ m?3) [15,16], thermal conductivity
(0.06~0.66 W/mK), and low compressive strength (1~30 MPa) [17]. The air-entrained
admixtures produce a high number of small stable air bubbles, separated from one another
and uniformly distributed in the range of a few micrometers (um). The entrained air bubbles
increase the porosity of the concrete and affect specific properties such as workability and
permeability [18]. Other desirable properties in concrete, such as resistance, dimensional
stability, and durability, are equally influenced by the proportion of the concrete paste as
they are by the microstructure; these, in turn, depend on the dimensions, quantity, and
distribution of these bubbles [19]. The reduction in density in this type of concrete reduces
structural stresses, making this concrete widely used [6,20,21]. In Brazil, lightweight
concrete is widely used in the construction of monolithic panels for sealing buildings,
mainly in social action projects, due to its low cost [16].

The durability of concrete is strongly influenced by the distribution of pores [16,22],
which can indicate and define the durability of the concrete [23,24]. Concrete porosity
can be reduced when carbonates begin to occupy a larger volume than hydroxides. The
density of the material is favored by the formation of carbonates within the structure [22].
The continuity of the pores in the cement paste hardened at any stage during the cement
hydration process will determine the concrete’s permeability coefficient [25]. Identifying
porosity (the shape, quantity, distribution, and connectivity of pores) in concrete allows for
evaluating the influence of the air-entrained additive on its microstructure and consequently
identifying its properties, such as strength and durability [22,26]. Concentrations of very
close or interconnected air bubbles reduce the compressive strength, facilitate the entry of
aggressive agents, and cause premature corrosion of reinforcement in lightweight concrete
with air entrainment [27,28]. Identifying the microstructure of concrete allows for the
development of additions, mix proportions, and execution techniques, aimed at minimizing
internal stresses, shrinkage, and consequent undesired cracks [22,29]. As a result of the
comprehensive influence of cyclic loading, periodical temperature, unscientific pouring
process, and severe corrosive service environment, inter-facial imperfections including
bond-slip and debonding defects occur, leading to the deterioration of service-ability and
durability [1]. Non-destructive Testing (NDT) can be used to check and inspect concrete,
for example, CT, IE, and UT (NDT) [1,30,31], which identify the presence of cracks and
other defects and can be applied to mass production at an acceptable cost. Therefore,
corresponding NDT testing techniques are needed.

Investigating the structure of concrete using images has always played an important
role [32]. Computerized microtomography (Micro-CT) constitutes an X-ray inspection
technique, currently employed for gaining knowledge and evaluating the concrete mi-
crostructure [3,32]. This technique allows for the acquisition of three-dimensional images
with resolutions in the order of microns, along with the inspection and assessment of the
internal morphology of concrete samples [16,33]. In this way, it is possible to evaluate
the shape, quantity, and distribution of air bubbles entrained in the concrete by means of
admixtures [3,34].

This investigation used the Micro-CT imaging technique to identify the technological
properties and microstructure of concrete produced with the addition of an air entrainer
with the aim of producing lightweight concrete for use in building construction.

2. Materials and Methods

The experimental program contemplated the production of concretes with varying
degrees of entrained air by means of air-entrained admixtures. The materials used in
the production of concrete are easily found in all regions of the country and constitute
High Early Strength Portland Cement (CPV-ARI) (ABNT NBR NM 23:2000) [35] purchased
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at the local trade in the city of Uberlandia-MG-Brazil (18°55'8” S, 48°16'37" W). Water
was provided by the concessionaire. Fine aggregate (sand) was extracted from the Rio
Grande bed near the city of Volta Grande-MG-Brazil (21°46'15" S, 42°32/20” W). Coarse
aggregate (Gravel Basalt N°1) was supplied by the company FCA VLI in Sao Sebastiao,
Araguari—MG-Brazil (8°38'56" S, 48°11'13” W). An Additive Air incorporator based on
synthetic resins (RHEOMIX 104—BASF) was acquired from the company NTC Brasil
Piracicaba—SP (22°43/30" S, 47°38'56" W). Table 1 shows the materials used with their
respective characteristics and properties.

Table 1. Materials used in the production of concrete.

Air-Entrained Admixture

- Density Dosage
Composition Appearance
p pp (g/cm®) (%)
Synthetic resins Red colored liquid 1.01 to 1.05 0.05to 1.0
Portland Cement—CPV—High early strength
Density (g/m3) Specific surface Mechanical resistance Start and end of
ensity (g/m (m?2/ kg) (MPa—28 days) setting time (min)
3.12 545.00 50.00 130-220
Large aggregate—Basalt crushed stone
Density Unit mass Absorption Maximum diameter Fineness
(g/ cm®) (kg/ m?) (%) characteristic(mm) module
2.84 1635.10 0.80 19.00 6.75
Fine aggregates—Natural quartz sand
. Maximum diameter
Density . .
3 characteristic Fineness module
(g/cm?)
(mm)
2.65 2.40 2.07

Initially, a referential concrete mix without air-entraining admixtures was produced
using dosing from the experimental dosing method of the Brazilian Portland Cement
Association (ABCP) [36], adapted from the American Concrete Institute (ACI) [36]. Table 2
shows the parameters used in the dosage of the referential concrete and the resulting
density ratio.

From the referential concrete (0), air-entrained concretes were dosed and produced
with the addition of 1%, 3%, and 7% of the admixture over the bulk cement [37]. In this
study, these concretes were designated as standards and denominated as I, II, and III,
respectively. After the production of the standard concrete mixes and the entrained air
content measured in its fresh state through the pressure method, concrete mixes were
dosed and produced, which were designated as modified IM, IIM, and IIIM. The modified
concretes were dosed and produced through the removal of large and small aggregates
from the standard concretes, proportionally to their entrained air content. The quantity of
water used in the concretes with admixtures included the liquid portion of the admixture
without considering the solid portion. All the concretes were produced in a stationary
concrete mixer using the same procedures [9], sequence, and mixing time. Table 3 shows
the densities of the produced concretes.
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Table 2. Parameters used in the dosage of the referential concrete.

Parameter (‘l/?rl::t(;
Concrete dosage strength—fck 40.00 MPa
Standard deviation—Sd 4.00 MPa
Desired consistency in fresh state—slump 50 + 10 mm
Water to cement relationship—w/c 0.42
Minimum strength of cement (7 days)—fck 34.00 MPa
Water consumption—Cwater 195.001/m3
Cement consumption—Cc 454.72 kg/ m3
Maximum diameter of large aggregate—Dmax 19.00 mm
Sand fineness modulus—FMs 2.07
Dry aggregate volume per m® of concrete—Vb 0.743
Compacted unit mass of large aggregate—One 1635.10 kg/m3
Cement density—pc 3120.00 kg /m?
Gravel density—pg 2840.00 kg /m?>
Sand density—ps 2650.00 kg/m3
Water density—ywater 1000.00 kg/m3
Consumption of gravel—Cg 1214.88 kg/m3
Consumption of fine aggregate—Ca 605.29 kg/m3
Mix ratio of bulk

concrete—cement:sand:gravel:w/c 1-1.31:2.62:0.42

Table 3. Mix ratios of the produced concrete (0, I, IL, II, IM, II M, and III M).

Ratio Cement Sand Gravel W/C Admixture
0 1.00 1.31 2.62 0.42 0.00
1 1.00 1.31 2.62 0.42 0.01
1I 1.00 1.31 2.62 0.42 0.03
111 1.00 1.31 2.62 0.42 0.07
M 1.00 1.08 2.17 0.42 0.01
M 1.00 0.90 1.80 0.42 0.03
I M 1.00 0.51 1.02 0.42 0.07

After the finalization of each concrete mix, still in its fresh state, the entrained air
content was determined by the pressure method, density, and consistency through the
slump test [38]. Following this, cylindrical specimens of each concrete were molded with
the dimensions of 10 cm x 20 cm (diameter x height) [39]. After being released from
the mold, the specimens were cured by immersion in a hydrated lime solution (calcium
hydroxide) at temperatures between 19 °C and 29 °C for a period of 90 days [38]. From these
specimens, samples were taken with dimensions of 2.40 cm x 5.00 cm (diameter x height)
by means of a diamond core drill, which went on to be used in the microstructure analysis
of the different concrete mixes. A sample of each different concrete mix was used, where
the cylindrical volume analyzed was 16 mm x 20 mm (diameter X height). The preparation
of the samples constituted, after extraction, drying in a ventilated oven at temperatures
between 50 °C and 60 °C for a period of 14 days in order to stabilize their internal humidity,
and thereafter, were placed into plastic packaging until the moment of testing.

For sizing, quantification, and distribution analyses of the air bubbles entrained in
the studied concrete, computerized microtomography (Micro-CT) X-ray technology was
employed. The equipment used was the Xradia Versa XRM-510 from Zeiss (Figure 1).
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Figure 1. The Micro-CT equipment: External view (a), internal view (b), and position of the sample (c).

From the obtained microtomography, it was possible to produce two-dimensional
and three-dimensional images of the analyzed samples. The analysis of these images, by
means of the image processing software FEI Avizo 9.0, allowed for the obtainment of the
volumes of concrete, mortar, air voids, and porosity of the concrete mortars, in addition
to the quantities, shapes, and dimensions of pores (voids) present in the samples. Table 4
shows the parameters used in the acquisition of microtomography.

Table 4. Parameters used in the acquisition of microtomography of the different concrete mixes.

Ratio Cement
Volume analyzed—diameter x height 16 x 20 mm
Acquisition time 00h45m
Objective lens 0.39X
Conditions of the source 120 kV-10 W
Resolution—voxel size 20 um
N° of projections 1000
Exposition time 2s
Resol. Detector 1024 x 1024 px
Field of vision—FOV 21 X 21 mm
Transmission 23%
Filter Without filter

Transmission for ratio 0 was 23%, for ratio III was 26%, and for the remainder was 30%.

3. Results
3.1. Influence of the Air Content Entrained into the Properties of Fresh Concrete

The results obtained in the air content tests by the pressure method and density and
consistency by the slump test performed in fresh-state concretes are shown in Table 5.

Table 5. Results obtained from the tests performed on fresh concrete.

Concrete Tests
. . Admixture Air content Density Slump Test
Mix Ratio (%) (%) (kg/m®) (mm)
0 0 1.9 2490.20 36
I 1 10.2 2300.65 40
I 3 17.0 2150.33 133
I 7 28.5 1915.03 133
IM 1 125 2196.08 49
oM 3 19.0 2039.22 150
M 7 28.0 1836.60 >200
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The results presented (Table 5) on the influence of the addition of the air-entraining ad-
ditive on the concrete samples investigated show that the amount of air formed within the
structure is directly related to the percentage added from the additive addition. The greater
the amount of additive, the greater the amount of air and, consequently, the greater the num-
ber of voids [19,37]. Concrete mixing is largely responsible for the air introduced [40-42],
although it can also be introduced by air dissolved in mixing water or air within the cement
and aggregate [43].

Figure 2 illustrates the average content of the air entrainer added to each sample tested
in this study.

0- Reference
0% of admixture

I - IM

1% of admixture

B Standard mix ratios

20 T

/%III
25 = nm
// + Standard mix ratios
20 ‘: M y=3,025x + 7,475
= ‘/ r=10,999
£ s S
n
g e
8 + Modified mix ratios
-5 10
I y=2,536x + 10,536
- oM oM 5 r=0,995

3% of admixture 7% of admixture

B Modified mix ratios Valuesin % Ratio of admixture (%)

Figure 2. Admixture ratio x air content: Standard and modified mix ratios.

3.1.1. Density

According to the results illustrated in Figure 3, there is a common trend for density
behavior. The density behaves inversely proportional to the amount of air-entraining
additive added. Density values range from 1836.60 kg/m3 to 2300.65 kg/m?>. The greater
the addition of air entrainer to the mixture, the lower the density [21]. This fact may be a
consequence of the increase in voids (pores), which must have favored the mortar’s ability
to absorb and lose water from the mixture [19,44].

2450.20

0- Reference
0% of admixture

2300.65

2196.08

I - I'M
1% of admixture

m Standard mix ratios

2300 I
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+ Modified mix ratios
y=-23,15x + 2483,1
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1500

n - M n
3% of admixture

1nm
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1800

B Modified mix ratios  valyes in kg/m? Aircontent (%)

Figure 3. Air content x density: Standard and modified ratios.

3.1.2. Consistency (Slump Test)

The air incorporated into the concrete favored consistency (Slump) increased along
with the addition of the additive, which shows that air-entraining additives favor workabil-
ity, a very important characteristic because it favors the pumpability of the concrete [4]. The
modified concrete mixes, with lower aggregate ratios, present higher slumps in relation
to standard concretes. In all concrete mixes with entrained air, the slump was directly
proportional to their air content. The slump results and the correlation with the air content
can be seen in Figure 4. This investigation presented contrasting results to those found in
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the work “Impact analysis of air-entraining and superplasticizing admixtures on concrete
compressive strength” [44], where the authors found a reduction in the consistency of up
to 17%. The difference in results may be related to the type and manufacturer.

=200 250
it
200 —* . .
S + Standard mix ratios
T 150 i - y=4,547% + 17,579
£ | e— e || r=10,783
# =
£ 100 i~
£ .
= — + Modified mix ratios
v 50 e *IM
y=9,483x - 55,076
r= 0,960
0- Reference nm - um m - 1M 0
0% of admixture 1% of admixture 3% of admixture 7% of admixture 10 15 20 25 30
M Standard mix ratios @ Modified mixratios  Values inmm Aircontent (%)

Figure 4. Air content x Slump: Standard and modified mix ratios.

3.2. Microstructural Analysis—Micro-CT

The images obtained by X-ray computerized microtomography and Micro-CT
(Figure 5) of the investigated samples illustrate the geometry of the pores and structure
of the mortars, which helped to better understand the phenomenon that occurred and the
results obtained [3,16]. The investigation using micro-CT was carried out because it can
achieve a high level of precision [45].

Figure 5. Visualization of the concrete samples (a), volume of mortar without large aggregates with
discretization of the pores (b), pores (c), and volume of the mortar (d): Reference ratios (0), standards
(I, I1, and III), and modified (I M, II M, and III M).

Upon observing the images (Figure 5), the presence of larger diameter pores can be
seen in the samples that received the additive compared to the reference trace. It is also
possible to observe that the voids have different geometries. The samples that received less
of the air entrainer (I and I M) presented a greater number of pores in relation to the other
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samples investigated [45]. Concrete mixes with an intermediate air content (II and II M)
have fewer pores compared to the reference concrete.
The number of pores present in the samples is shown in Table 6.

Table 6. Quantity of pores that exist in the concrete samples.

Sample/Mix Ratio Quantity of Pores

Reference 0 1640

1 16,970
Standards I 4535
I 6176

IM 14,560
Modified oM 5216
M 7922

All the concrete mixes present higher pore concentrations with equivalent diameters
between 50 and 400 um. The concrete mixes with lower entrained air content (I and I M)
present higher pore concentrations with equivalent diameters between 50 and 300 um. In
the ratios with higher air content (III and III M), there was a higher incidence of pores with
an equivalent diameter greater than 400 pm, whereas, with mix ratio Il M, the ratio of pores
with equivalent diameters between 400 and 800 um was considerably higher. In a general
sense, there existed a trend of the occurrence of pores with larger equivalent diameters in
concrete mixes with higher air content. Such a fact is likely due to the coalescence of pores,
which is seen in all concrete with entrained air (Figure 6). This coalescence of the pores
occurs in different regions of the mortar without indicating any tendency of the quantity or
size of the pores that coalesce [37]. There was no observed connectivity between isolated or
coalesced pores [46]. Table 7 shows the quantities and dimensions of the pores present in
the sample, and Figure 7 demonstrates the concentrations and dimensions of the pores in
the concrete mixes.

Table 7. Quantities and dimensions of the pores present in the concrete samples.

Equivalent Diameter * (EqDiameter) of the Pores (um)

MIX 0 50 100 200 300 400 500 600 700 800 900
RATIO to to to to to to to to to to to 1 0>00
50 100 200 300 400 500 600 700 800 900 1000
Ref.-0 0 205.00 435.00 234.00 112.00 55.00 51.00 21.00 8.00 8.00 5.00 6.00
1 5 2648.00 9160.00 3224.00 1116.00 421.00 207.00 87.00 55.00 22.00 13.00 12.00
1I 0 852.00 2135.00 560.00 236.00 163.00 161.00 108.00 85.00 62.00 51.00 122.00
111 5 1605.00 2307.00  436.00 294.00 343.00 370.00 290.00 212.00 132.00 79.00 103.00
IM 10 2415.00 8063.00 2741.00 803.00 293.00 124.00 54.00 30.00 9.00 6.00 12.00
M 6 1329.00 2315.00 565.00 229.00 186.00 134.00 128.00 90.00 67.00 48.00 119.00
I M 11 1150.00  936.00 512.00 1204.00 1453.00 1193.00 778.00 426.00 178.00 49.00 32.00

* EqDiameter of the pore is the diameter of a sphere of equal volume to the pore.

In terms of the shapes of entrained pores, the sphericity values indicate a large quantity
of non-spherical pores (® < 0.95) in all concretes. However, the number of pores considered
spherical (0.95 < ® < 1.00) was greater in comparison to the number of pores with inferior
sphericities, with the exception of ratios III and III M, which present a higher quantity
of pores with sphericity between 0 and 0.70. The majority of pores considered spherical
(0.95 < ® < 1) do not reflect the proportion of the air void volumes. The highest volume of
voids is due to non-spherical pores (P < 0.95). Table 8 shows the sphericities of the pores,
volumes, and proportions in relation to the total pore volume of each analyzed sample,
while Figure 8 shows the concentrations and sphericity of the pores in the concrete mixes.
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Figure 6. Samples of analyzed concrete mixes (a) and respective cross-sections (b) and longitudinal
section (c,d): Reference ratio (0), standards (I, II, and III) and modified (I M, II M, and III M).

The high concentration of pores with equivalent diameters between 50 and 500 um
and sphericities between 0.95 and 1 indicates that the air entrained by the admixture
occurs by means of spherical bubbles (MARTIN, 2005; MEHTA and MONTEIRO, 2014;
ARAUJO et al., 2014). The majority of these entrained air bubbles (pores with sphericities
0.95 < & < 1.00) present diameters of up to 200 pm, with the highest concentration
between 100 and 200 pum, thus confirming the results from the first stage of this study.
However, exceptions were found in concrete mixes III and IIIM, which presented higher
concentrations of bubbles with diameters of between 50 and 100 um. Table 9 shows the
quantities and diameters of the entrained air bubbles (0.95 < & < 1.00) and Figure 9 shows
the concentration of these bubbles in the concrete mixes analyzed.
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Equivalent Diameter of the poores (um)
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Figure 7. Concentration and equivalent diameters of the pores present in the concrete samples.

The higher the air content of the concrete mixes, the higher the incidence of pores
of irregular shapes, that is, shapes that are further from the spherical type (0 < ® < 0.95).
These possibly result from the coalescence of pores, which implies there is a decrease in
the concentration of spherical pores (0.95 < & < 1.00). For lower air contents, there is a
higher incidence of pores considered spherical (air bubbles). There exists proportionality
between the total amount of pores and the amount of pores considered spherical (bubbles)
(Figure 10). Although there exists this proportionality in quantities, the volumes relevant to
non-spherical pores (® < 0.95) increase considerably in relation to the volumes of spherical
pores (0.95 < @ < 1) to the degree that the air content increases in the concrete mix
(Table 10).
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Table 8. Quantities, sphericities, and volume of the pores present in the concrete samples.

MIX RATIO SPHERICITY * (®)  QUANTITY  VOLUME (cm®) % TOTAL VOL **
0.95 to 1 693.00 0.009 3245
0.9 t0 0.95 134.00 0.004 15.10
0.8100.9 139.00 0.003 1154
MIX RATIO 0.7t00.8 114.00 0.005 17.17
0-Reference 0.6t0 0.7 30.00 0.001 3.99
0.5t0 0.6 19.00 0.003 1038
0t0 0.5 11.00 0.003 9.38
Total 1140.00 0.027 100.00
0.95 to 1 6738.00 0.012 8.27
0.9 t0 0.95 2485.00 0.009 5.9
0.8100.9 4255.00 0.024 15.82
0.7t00.8 2188.00 0.028 18.66
MIXRATIO I 0.6 t0 0.7 912.00 0.033 21.78
0.5t0 0.6 322.00 0.031 20.38
0t0 0.5 70.00 0.014 9.13
Total 16,970.00 0.150 100.00
0.95 to 1 1675.00 0.002 0.82
0.9 t0 0.95 645.00 0.002 0.67
0.8100.9 902.00 0.006 228
0.7t00.8 535.00 0.013 478
MIX RATIO IT 0.6t00.7 335.00 0.029 10.70
0.5t0 0.6 250.00 0.065 24.00
0t0 0.5 193.00 0.154 56.74
Total 4535.00 0.271 100.00
0.95 to 1 1752.00 0.001 041
0.9 to 0.95 843.00 0.001 0.30
0.8100.9 1106.00 0.003 0.86
0.7t0 0.8 571.00 0.004 1.30
MIX RATIO III 0.6t00.7 454.00 0.014 429
0.5t0 0.6 502.00 0.044 1333
0t0 0.5 948.00 0.261 7951
Total 6176.00 0.328 100.00
0.95 to 1 6150.00 0.015 1351
0.9 t0 0.95 2297.00 0.010 8.77
0.8100.9 3861.00 0.026 2268
0.7t00.8 1661.00 0.029 25.41
MIX RATIO IM 0.6t00.7 480.00 0.021 18.65
0.5t0 0.6 98.00 0.009 7.70
0t0 0.5 13.00 0.004 3.29
Total 14,560.00 0.114 100.00
0.95 to 1 1774.00 0.002 0.85
0.9 to 0.95 736.00 0.002 0.54
0.8100.9 1105.00 0.004 141
0.7t0 0.8 668.00 0.009 3.25
MIX RATIO IIM 0.6 t0 0.7 320.00 0.017 591
0.5t0 0.6 256.00 0.043 15.17
0t0 0.5 357.00 0.206 72.86
Total 5216.00 0.282 100.00
0.95 to 1 732.00 0.000 0.08
0.9 t0 0.95 47400 0.000 0.08
081009 728.00 0.001 0.25
0.7 t0 0.8 522.00 0.005 0.88
MIX RATIO IIIM 0.6t00.7 775.00 0.017 323
0.5t0 0.6 1369.00 0.060 11.61
0t0 0.5 3322.00 0.436 83.88
Total 7922.00 0.519 100.00

* Sphericity ® measures the distance from the spherical shape: ® =1 for spherical pore and ® < 1 for any other
shape. ** Total volume of the sample pores.
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Figure 8. Concentrations and sphericities of pores present in the concrete samples.
Table 9. Quantities and diameters of entrained air bubbles (0.95 < @ < 1) present in the concrete samples.
Diameters of Bubbles (um)
0 50 100 200 300
MIX RATIO to to to to to >400 TOTAL
50 100 200 300 400
Ref.-0 0 123 256 175 74 65 693
I 5 1566 4533 598 35 1 6738
I 0 542 1063 67 4 0 1675
I 5 955 764 27 1 0 1752
M 10 1341 3880 783 121 15 6150
M 6 732 928 98 8 2 1774
M 11 475 238 8 0 0 732

Table 10. Volumes and concentrations of spherical (0.95 < ® < 1) and non-spherical pores (® < 0.95)

that exist in the concrete samples.

Volume of Pores(cm?)

MIX Air Content Non Soherical Soherical
RATIO (0/0) on p erica o, p erica o,
(® < 0.95) (095 <®<1) to TOTAL
Ref.-0 1.9 0.018 67.6 0.009 32.4 0.027
I 10.2 0.138 91.7 0.012 83 0.150
i 17.0 0.269 99.2 0.002 0.8 0.271
I 285 0.327 99.6 0.001 0.4 0.328
IM 12.5 0.099 86.5 0.015 13.5 0.114
oM 19.0 0.280 99.1 0.002 0.9 0.282
M 28.0 0.519 99.9 0.000 0.1 0.519
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Figure 9. Concentrations and diameters of air bubbles (0 < @ < 0.95) present in the concrete samples.
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4. Conclusions

The obtained results and analyses performed in this study lead to the following
conclusions:

e  The air content of concrete with entrained air was directly proportional to the admix-
ture ratios used.

e  The density and consistency of the concrete with entrained air in the fresh state were
directly proportional to the air entrained in the concrete.

e  Computerized X-ray microtomography, Micro-CT, allowed for the three-dimensional
microstructural analysis of the concrete and opened the possibility for the precise di-
mensioning and quantification of all pores, as well as the distribution and relationship
that exists between these in the structure of the different concrete analyzed.

e  The entraining of air in the concretes by means of admixtures is provided through
spherical pores.

o  The increase in air content in the concrete caused an increase in the equivalent di-
ameters of the pores and a reduction in the occurrence of spherical pores due to the
coalescence caused by the air-entraining admixtures.
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