Construction and Building Materials 308 (2021) 125091

N

Contents lists available at ScienceDirect

Construction and Building Materials

Construction
and Building
MATERIALS

ELSEVIER journal homepage: www.elsevier.com/locate/conbuildmat
Pycnometry for assessing porosity of fine recycled aggregates Specrer

a,*

Rafael dos Santos Macedo
Guilherme P. Nery , Daniel Uliana®, Anette Miiller ”

, Carina Ulsen”, Ana Y. Jacomo °, Paula O. Figueiredo?,

2 Universidade de Sao Paulo, Escola Politécnica, Department of Mining and Petroleum Engineering, Technological Characterization Laboratory, Brazil

Y Weimar Institute of Applied Construction Research, Germarny

ARTICLE INFO ABSTRACT

Keywords:

Envelope density

Skeletal density

Porosity

Construction and demolition wastes
Fine recycled aggregates

The study extended the applications of powder pycnometry (PP) replacing the commercial enveloper for alter-
native envelopers (ceramic and carbon microspheres) to determine the envelope density of fine recycled ag-
gregates (FRA) sand fraction. The properties of enveloper material such as particle size distribution, skeletal
density and shape (aspect ratio and sphericity) affect the envelope density determination consequently impacts
in porosity results by the association of PP and Helium pycnometry (HePyc). The porosity determination by

association of HePyc and PP are comparable with mercury intrusion porosimetry analysis for medium sand

fraction (0.300-1.180 mm).

1. Introduction

Construction and demolition wastes (CDW) consists of inorganic and
organic materials, as concrete, masonry, excavated soil, glass, gypsum,
metal, wood, plastics and others [1-3]. Concrete is the most widely
applied material in construction activities, and consequently, it is also
abundant in CDW in many countries [4,5]. The quality of recycled ag-
gregates (RA) depends essentially on the composition of the precursor
waste and the processing steps applied on recycling [6,7]. Therefore,
some doubt about the quality and properties of recycled aggregates
materials concerns the consumer market [8].

The production of coarse recycled aggregates (greater than 4.8 mm)
generates about 50% of the total weight in particles below 4.8 mm (fine
fraction). The fine fraction obtained after comminution process, gener-
ally is disregarded or poorly employed as components in road pavement
bases [7,9]. The use of fine recycled aggregates (FRA) in construction is
increasingly encouraged by governments; in general, the application of
these materials is currently restricted to non-structural concrete and
pavement bases in Brazil [10]. The limited application is related to the
low quality of the concrete produced with FRA in comparison to the
concrete produced from natural aggregates (NA) [11]. The open pores
present in the cement paste are the main responsible for the “active
porosity”! that’s recycled concrete aggregates which impacts its quality
and applications [12,13]. The open porosity of FRA can be correlated to
the water absorption capacity, aspects such as slow Kkinetic water

transfer of small pores and the presence of gases trapped in the pores
affect the direct comparison between the properties mainly for FRA
[12,14]. The measurements of water absorption in aggregates (natural
or manufactured) are regulated by National and International standards
and also extended to recycled aggregates [15,16]. For FRA, the water
absorption is performed according to ASTM C128 standard, also known
as the Cone method, the reliability of the method depends on some
factors as particles shape, but the main factor responsible for the
imprecision of the method is related to the operator’s experience [17].
Due to imprecise factors such as fine particle loss, particles roughness
[18], operator experience requirements and low repeatability, alterna-
tive methods have been studied for a more accurate procedure to assess
porosity in recycled aggregates [12].

Mercury intrusion porosimetry (MIP) is one of the most applied
techniques to evaluates pores size distribution, porosity and specific
surface area for hydrated cementitious materials [ 19-22]; this technique
provides information of pores between micrometers to nanometers
[22,23]. Although it is a very useful characterization technique, there
are four important limitations of this technique that must be considered:

e The first limitation is related to the Laplace equation, sometimes
known as “Washburn equation”, that considers the diameter of finite
cylindrical pores for calculations, Eq.1 [23]. However, the pores of
the cement paste are heterogeneous [19].
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1 Active porosity- Open pores that effectively reacts with water in the curing cement process impacting the water/cement ratio.
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P -capillary pressure; y- mercury surface tension; 8- mercury contact
angle, usually, 130-140°; r- pore radius.

e The contact angle has a direct influence on the calculated pore size;
some aspects must be considered to perform good measurements, as
mercury impurities, sample surface roughness and materials
composition [23]. The recycled concrete aggregates are materials
characterized by high surface roughness [24], therefore it is difficult
to determine the mercury contact angle.

e The mercury intrusion pressure related to the Laplace equation only
establishes the pore throat diameter without considering the shape of
the pores, that is established as the relationship between the throat
diameter and length of the pores [19,23].

o The use of mercury requires standards practices ensuring the oper-
ator and environmental occupational safety.

The innovative methods for porosity determination involve indirect
methods, such as modification in water absorption measurements for
recycled aggregates by the saturated surface-dry theory (SSD) [25,26],
as well as direct methods as powder pycnometry (PP) [27] and image
analysis [28].

The applications of PP described in literature involve hydroxyapa-
tite, iron ore, compressed wood pellets and granulated ribbons for en-
velope density evaluation. The Geopyc equipment can measure also TAP
density (transverse axial pressure) applied in granulation studies for
cement paste, concrete and petroleum coke samples [29-36].

The pores are also known as “voids” are not actually empty, it is filled
by liquids and gases molecules. The porosity can be evaluated as inter-
particle and intraparticle pores, related to one particle/fragment or set
of particles (Fig. 1.

To determinate agglomerate? volume including the interparticles
and intraparticle pores are recommended to perform “TAP” and “bulk”
volume analysis. The envelope volume is obtained considering only the
intraparticles porosity, includes sample skeletal volume plus open pores
volumes. The “skeletal” or sometimes called “apparent” volume incor-
porate the sample true volume plus closed pores volume. True volume is
the volume of the particles excluding all types of pores [27,37].

The PP is a technique still little explored for envelope density
determination, especially for fine materials. The determination of en-
velope density by this technique consists by involving a solid sample by
a solid (quasi-fluid) enveloper that creates a solid film around each
sample particles. During the measurement, a plunger vibrates pushed by
an automatic external force to accommodate the enveloper on the
sample surface [32]; the difference between the displacement of the
plunger with and without the sample is converted to volume.

There are four main factors (Fig. 2 that affect envelope density
measurements by PP. Some aspects related to the sample and enveloper
materials conformance must be considered for good measurement re-
sults, such as samples/envelopers particles fragmentation, surface
roughness and density [29-31].

The instrumental factors are also relevant in the measurement’s ac-
curacy. The proportion of sample and enveloper volume (S/E) is an
important factor to consider; when the S/E is low, the chamber volume
occupied by the sample is low, then the difference between the
displacement of the plunger position is small, resulting in inaccurate
results. Otherwise, if the S/E is high, the sample particles will not be
completely involved, promoting particle agglomeration, affecting the
analysis accuracy [31]. The same concept is valid for choosing the
chamber for the analysis that’s consider the relation between the sample
and enveloper volumes.

2 Agglomerate - Consist of a consolidated assemblage of particles.
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The conversion factor (K) is one of the parameters that directly affect
the accuracy of the measurements [30,31]; this mathematical conver-
sion is associated to the enveloper, and also to the shape and roughness
of the sample’s particles. The application of this automatized powder
pycnometry using Geopyc instrument is limited by the particle size
distribution of the commercial enveloper (Dryflo®); the manufacturer
(Micromeritics) recommends the analysis of samples with particles size
larger than 2 mm, because of that, many studies apply powder pycn-
ometry only for pellets or coarse materials for envelope and bulk volume
determinations.

Actually, PP could be properly applied for envelope volume of
fragments in many areas, such as coarse recycled aggregates (particle
size greater than 2 mm), petroleum drilling sidewall core fragments or
control quality of tables for pharmaceutical area. The substitution of the
enveloper by another material with similar characteristics, but smaller
particle size would provide the extension in the application of this
technique. The extension could potentially engage new applications
such as for PP and porosity evaluation for well log drilling cuttings
samples, soil and polymer microspheres for medical applications.

This work presents alternative envelopers to be applied for the
assessment of envelope density of fine recycled aggregates. Another
important contribution of this study is evaluating the porosity of FRA
sands in fine and medium fractions by the association of powder and gas
pycnometry.

2. Materials and methods
2.1. Materials

Three samples were used in this work: standard commercial natural
river sand (RS) and two fine recycled aggregates (FRA) with low and
high porosity, respectively. The processing for obtaining those FRA was
previously detailed in literature [6] and consisted of jaw crushing (pri-
mary and secondary stages) and tertiary crushing by Vertical Shaft
Impactor (VSI) crusher; in sequence, the attained product was then
concentrated by magnetic separation for obtaining products with
different porosities

The sands were hereby named MG and NM, representing the mag-
netic and non-magnetic product, respectively (Table 1.

The MG and NM materials were sieved into two fractions: medium
(M) (0.300-1.180 mm) and fine (F) (0.074-0.300 mm) fractions and
characterized by mercury intrusion porosimetry, dynamic image anal-
ysis, X-ray Microtomography, helium and powder pycnometry (PP)
techniques.

Preliminary tests were performed to choose an ideal enveloper ma-
terial; some common materials initially were tested, such as, baking
powder, wheat flour, graphite (dry lubricant), talcum powder, grounded
DryFlo® and glass microspheres (IM16K®).

Based on the required properties for the new enveloper obtained in
the preliminary tests, new enveloper materials were selected such as
carbon (Carb) and ceramic (Cerm) microspheres, that were also char-
acterized by He pycnometry, dynamic image analysis, X-ray micro-
tomography (Micro-CT) and PP techniques.

2.2. Characterization

2.2.1. Dynamic image analysis (DIA)

The particles size and shape distributions of the characterized sam-
ples (recycled sands and envelopers) were carried out by dynamic im-
ages analyses on the Retsch equipment, model Camsizer XT or L,
according to the procedure described by the international standard ISO
13322-2/2006.

The DIA analyses converts the shadow projections of particles into
binary images. The Camsizer XT was employed for enveloper DIA
analysis. The equipment is indicated for particles size distributions be-
tween 1 pm to 3 mm. The preparation procedure for DIA analysis was the
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Fig. 1. Particles and pore volumes considering a set of particles and single particles.
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Fig. 2. The four main factors influencing the envelope volume determination by automated powder pycnometry.

Table 1
Sample’s identification and nominal particles size interval.
Samples
NS MG_F MG_M NM_F NM_M

Natural sand Magnetic fraction Urbem Non-magnetic fraction Urbem

(0.60-1.18 Fine Medium Fine Medium
mm) (0.074-0.30  (0.300-1.180  (0.074-0.30  (0.300-1.180
mm) mm) mm) mm)

dispersion in isopropanol, and sonication for 1 min (accessory “X-
Flow™).

The Camsizer L was used for sand analysis. The equipment is indi-
cated for particles size distributions between 20 pm to 30 mm. No
preparation is needed in this case, the sample fall in analysis chamber

via a vibratory feed chute. The analysis considered more than 100,000
particles (natural sand (NS) - “178,000 particles’; MG_F “46,676,661
particles”; MG_M “1,312,226 particles”; NM_F “22,712,154 particles™;
NM_M “11,828,931 particles).

2.2.2. Mercury intrusion porosimetry (MIP)

The MIP analysis were performed in accordance with ISO 15901-1/
2016 (AutoPore IV equipment from Micromeritics); an appropriate
bulb/rod assembly was used for the analysis. Experimental parameters
were: Hg density (13.53 g/cms), Hg surface tension (0.485 N/m), con-
tact angle 130° and equilibrium time of 20 s. The intruded volume of
mercury was determined in stepwise mode with filling pressure of
0.00696 MPa (1 psi), the intrusion pressure was gradually increased
until reach 414 MPa (60,000 psi). The volume of the sample intrusion
mercury is a function of the applied hydrostatic pressure, which is
related to the pore diameter by the Laplace equation (Eq. (1)) [38].
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The mercury porosimetry tests were performed in duplicate to in-
crease representativeness and reliability of the results, therefore, an
average value was adopted between the two tests. Samples were ho-
mogenized and sampled to mitigate heterogeneity. The threshold pres-
sure was selected sample by sample to calculate the porosity by MIP.

2.2.3. X-ray microtomography (Micro-CT)

The medium fraction of magnetic product was prepared trying to
simulate PP analysis with sample/enveloper proportion (S/E) in volume
(S/E equal to 1/3). The powder materials were disposed in a 1 mL sy-
ringe and homogenized with plunger until no more particles are
observed on the syringe walls, after the plunger were pressed as to
simulate the chamber compression and fixed applying silicone glue. The
images were acquired in Zeiss Xradia Versa XRM-510 on the mode
“core” and “zoom” (Table 2

2.2.4. Helium pycnometry (HeP)

The skeletal volume determination was performed by Helium gas
pycnometry on Micromeritics model AccuPyc II 1340 equipment. Sands
(recycled and natural) and enveloper samples were previously dried at
60 °C for 24 h, aiming to remove water molecules present on the surface
and pores of the materials. After cooling in laboratory desiccator under
reduced pressure, 70-80% of the chamber was filled with the materials
for analysis. Five measurements were performed for each sample with
10 purge and 5 analysis cycles.

2.2.5. Powder pycnometry (PP)

Experimental analyses were performed at Geopyc equipment in a
chamber with diameter of 50.8 mm, consolidation force of 145 N (ideal
for this chamber size recommended by the equipment manual) and
volumetric ratio of 1/3 sample and 2/3 enveloper. The K factor was
initially obtained by analyzing a reference natural sand (NS) as standard
material in triplicate.

Some preliminary tests were conducted to choose materials capable
of substitute the Dryflo enveloper and identify the most relevant prop-
erties for these materials. The preliminary tests were performed
replacing Dryflo by six different materials: baking powder, wheat flour,
graphite, talcum powder, grounded DryFlo and glass microspheres
(IM16K®).

The analysis cycle consisted of 5 initial consolidation cycles and 5
measurements cycles. After the preliminary tests and identification of
ideal enveloper properties, new envelopers (carbon (Carb) (SIGRA-
DUR®) and ceramic (Cerm) (3 M—W610) microspheres) were selected
for substitute the commercial Dryflo enveloper.

3. Results and discussion
3.1. Enveloper characterization

The preliminary enveloper materials were evaluated based on the
premise an ideal enveloper material must have top particles size silly

Table 2

X-ray micro-CT acquisition image parameters.
Instrumental Parameters Core Zoom
Total Scan Time 1h30m 2h
Objective 0.4x 4x
Source Settings 80kV/7W 80 kV/7 W
Pixel size (pm) 3.5 1
Number of Views 1000 1000
Time per View (sec) 4 5
Resol. Detector (pixels) 2048x2048 2048x2048
Field of view (FOV - ym) 7,000 2,200
Source Filter None (air) None (air)
Source distance (mm) 13 13
Detector distance (mm) 105 25

Construction and Building Materials 308 (2021) 125091

larger than largest pore throat of the samples, in order to cover all the
surface, without invade the pores. However, the enveloper particles
cannot have similar particle size of the samples to decrease the inter-
particle envelope/sample voids to increase the measure precision. The
ideal particle size distribution for a new enveloper must be as narrowest
as possible for create a homogeneous interparticle voids.

The grounded DryFlo presented low values of d;o (Table 3 consid-
ering the pores size distribution of recycled sand samples further
analyzed; the comminution process could be carried out in a closed
circuit with a screen of the desired size (around 10 um), but grinding and
sieving in this size are not practical.

The graphite, wheat flour and talcum powder materials presented
optimum values of d;o, but wide particle size distribution. The enve-
lopers that presented optimum particle size parameters, both in the
terms of particle size distribution and also in d;o values were the
IM16K® and baking powder materials (Table 3). The materials chosen
were tested and problems were found in the employment of these ma-
terials as envelopers.

The baking powder material exhibits a significant variation of par-
ticle size distribution between products lots, so it would be difficult to
evaluate results considering the heterogeneity of this enveloper mate-
rial. This issue is not observed for IM16K® material, because it is a
commercial material applied in construction, painting and coating, with
controlled production conditions. However, IM16K® enveloper material
presents density of (d = 0.4739 =+ 0.0006 g/cm®). The density issues
were not considered essential in the first tests, but it promote the
segregation of the particles during the envelope density determination
by powder pycnometry analysis.

None of the material tested in the preliminary test were good enough
to replace the commercial Dryflo®. Meanwhile, the preliminary tests
were essential to select new materials with ideal properties. By the way,
new enveloper materials, Cerm and Carb, where selected considering
some parameter such as: particle size distribution, skeletal density,
sphericity and aspect ratio (Table 4).

The Cerm and Carb have a similar particle size distribution (Fig. 3:
Cerm; d1¢-9.5 pm, dsp-13.9 um and dgo-19.3 pm and Carb d;¢- 6.8 um, dsg
— 12.2 and dgp- 19.6 pm). The Carb present smaller particles when
compared to Cerm, both envelopers exhibit d;( values lower than 10 um.

The Cerm and Carb envelopers present round/ellipsoid particles with
high sphericity and aspect ratio average of 0.837; 0.801 and 0.775;
0.726, respectively (Fig. 4).

3.2. FRA particles characterization

The particles of the enveloper materials present greater values of
sphericity and aspect ratio when compared with the FRA samples as
expected. The particle size distribution curves (Fig. 5) presents in
accordance with the sieving process. The skeletal densities (Table 5)
present similar values when compared with the enveloper materials,
mostly for Cerm microspheres.

The aspect ratio and sphericity results of the FRA samples indicate
elongated particles with lower sphericity when compared with natural
sand (NS). No changes in the sphericity and aspect ratio values were
observed for the fractions studied, thus indicating that the particle shape
originates from the recycled aggregate comminution process.

Table 3

Particles representative size of the enveloper materials.
Enveloper Materials dio (um) dso (um) dgo (um)
Talcum powder 6.6 22.2 59.4
Baking powder 9.4 14.5 21.9
Wheat flour 15.7 68.8 156.7
Graphite 13.5 45.3 116.3
Grounded DryFlo 2.5 11.2 34.4
Glass microspheres IM16K® 12.0 19.9 32.7

dx — particle diameter in which x% of the sample is under this size.
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Table 4
Particles size distribution, shape parameters and density of Cerm and Carb.
Envelopers  djo dso dog Sphericity ~ Aspect Skeletal
(pm) (pm) (pm) (SPHT) ratio density He
(/D (g/em®)
Cerm 9.5 13.9 19.3 0.837 0.775 2.5160
Carb 6.8 12.2 19.6 0.801 0.726 2.1955

dy — particle diameter in which x% of the sample is under this size.
3.3. FRA MIP analysis

The samples analyzed present pores smaller than 1 um as evidenced
in the MIP analysis (Fig. 6). The porosity of the samples is calculated by
Eq. (2), which relates the envelope mercury volume to total mercury
volume for each MIP analysis of particulate material; for that, is
imperative to select the threshold pressure by graphical analysis. The
proper selection of filling pressure is crucial for MIP analysis, so that
mercury fills the spaces between particles, without penetrating the
intraparticles pores. The selective rule adopted in consonance with
graphical analysis to properly select the threshold pressure is that the
pore size distribution must not be greater than 2% of the top sample
particle size (dgp), i.e. for medium (0.300-1.18 mm) and fine sands
(0.074-0.300 mm) were considered pores smaller than 23.6 ym and 6.0
um, respectively.

Porosity(%) = 1 —Pew @
Pske

The products obtained in the magnetic separation have different
porosities; the MIP analysis indicates that the magnetic fraction presents
greater porosity in comparison to the non-magnetic fraction (Table 6.
The threshold pressures and porosity for . MG_F, MG_M, NM_F and NM_M
samples were 35 psi — 15.9%, 31 psi — 12.7%, 35 psi — 4.04% and 30
psi — 4.09% respectively.

The sieving process does not change the pore size distribution, only
affects the porosity of the sample, i.e., porous phases are more concen-
trated at the magnetic product and increases on fine fraction (MG_F), as
indicated by the literature [5]. Otherwise, the magnetic separation
process affects the porosity and also the pores size distribution. The
magnetic sample presents smaller pores when compared with non-
magnetic in both fractions. The literature evidence MIP curves similar
to the present study [39], especially for magnetic fraction. Pressure
above 4,000 psi lead to the materials compression as reported in liter-
ature, after 12,000 Psi (10 nm) it become critics; this phenomena is
observed in both MG samples with higher porosity and smaller pores
[40].

The studies developed by Ulsen et al (2013) [6], indicate that mag-
netic products present a cement paste enrichment, and therefore an
increase in porosity as indicated in accordance with the present study.
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The results indicate that the magnetic susceptibility is an important
differentiating property between the residual cement paste and the non-
porous mineral fraction [6]. The results highlight the importance of the
efficient processing of the recycled aggregate in order to concentrate the
minerals phase, which is corroborated by literature [9].

3.4. FRA powder pycnometry analysis

The evaluation of abrasion of FRA samples during the powder
pycnometry analysis was carried out by weighing and sieving (0,074
mm for fine sand and 0,300 mm for medium sand) the samples before
and after the analysis cycles and no changes in the mass were observed
above 0.01%.

The optimum ratio of sample and enveloper volume is obtained
experimentally during the preliminary, in the case of the sample studied
only two conditions were tested: 33% of sample (1/3) with 66% of
enveloper (2/3) and 50 % of sample (1/2) with 50% of enveloper (1/2).
The lower standard deviation between measurements was obtained for
the first condition (1/3 sample and 2/3 of enveloper).

The calibration of the equipment requires a standard material with
defined or no porosity with similar characteristics to the analyzed
samples for estimating the “K” factor; in this work, natural sand (NS) was
used as standard material. The values of the correction factor (K) ob-
tained after the calibration demonstrate differences between the enve-
lopers materials (Table 7.

Therefore, the results in Table 7 indicate that the replacement of the
enveloper material results in alteration of the correction factor (Dryflo®
correction factor for 50.8 mm chamber, K = 2.0373 cm®/mm) mainly for
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Table 5
Particles size distribution, shape parameters and density of recycled sands.

Samples  djo dso dog SPHT  Aspect Skeletal Density
(um) (um) (um) Ratio (He_Pyc)
(%)) (g cm™®)
NM_F 192 298 435 0.740 0.635 2.6161 + 0.0008
NM_M 393 620 1,063 0.749 0.694 2.6392 + 0.0004
MG_F 125 227 354 0.711 0.662 2.5182 + 0.0014
MG_M 457 755 1,237 0.740 0.653 2.5753 + 0.0012
NS 668 882 1,159 0.804 0.715 2.5690 + 0.0006

dy — particle diameter in which x% of the sample is under this size.

Carb enveloper. That indicates the applied enveloper material have a
significant contribution for the correction factor.

During the powder pycnometry (PP) measurements with the Card, its
observed large amount of enveloper volume evades the chamber
(Fig. 7). The fact is related to the high lubricating capacity of the
graphite present in carbon microspheres. Graphite is a lubricant mate-
rial formed by layers of sp>-hybridized carbon atoms, where each layer
is stacked together by weak van der Waals forces. Its layered structure
and the intermolecular forces between the layers that give this material
its lubricating properties [41].

The lubricant property of Carb initially was considered positive,
since it should facilitate the accommodation of the enveloper in between
the particles of the solid samples increasing the packing ability of the
enveloper, but the high-volume evading from the chamber during the
measurements may compromise its application as enveloper material.

The PP measurements (Table 8) show small standard deviation in
envelope density determination for medium sand FRA, which may be
related to the large difference in particle size between the enveloper and
samples.

The fine sand fraction PP analysis indicates different results when
comparing the tested envelopers. The results inaccuracy is not only

related to enveloper evade effect in case of Carb, but it is probably due to
the difference between the maximum particle size of the enveloper
materials Cerm (dgg around 19 pm, Table 4 and the minimum particle
size (MG_F (djp = 125 pm) and NM_F (d;p = 192 um, Table 5 of the fine
fraction of FRA samples. Therefore, the results pointed out that a smaller
enveloper size must be used in fractions finer than 0.30 mm.

The Cerm, for example, present particle size, dgp,10-15% in size
compared to inferior particle size, d;o, of fine sand, for medium sand
particle this size represents 3-5% in size. This phenomenon considerably
increases the number of voids between the sample and envelope
particles.

Another important consideration is related to the natural sand used
for the Kgetor determination, that presents particle size distribution
similar to the medium FRA fraction. Probably the conformance of the
material behavior is different in distinct fractions, further studies
employing fine natural sand in Kgactor determination could be performed
in order to improve the results of FRA fine fraction.

The experimental parameter of consolidation force was not
approached in this work for PP analysis, the value recommended by the
manufacturer’s manual was used for the analysis chamber. The
consolidation force is the parameter that affects the degree of packaging,
which is the ability of the enveloper particles surround the sample
particles in order to minimize the voids between the particles and also
affects the samples abrasion during the analysis.

3.5. Porosities: Pycnometry association vs MIP analysis

The porosity of the recycled sands (Fig. 8) suggests that the method
for the determination of open pores by the association of pycnometry
techniques is comparable to the MIP (Table 9), especially in the analysis
for medium fractions (0.300-1.180 mm) with Cerm material as
enveloper.

The porosity in fine fraction (0.074-0.300 mm) for MIP and pycn-
ometry association techniques were not comparable, even so, the
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Fig. 6. Recycled sands cumulative mercury intrusion and differential mercury intrusion curves.

Table 6
Porosity and median pore size by volume, MIP parameters.

Sample Porosity (%) Median pore diameter
(MIP) (nm)

MG_F 159+ 0.3 11.48
MG_M 12.7 £ 0.9 10.30
NM_F 4.04 £ 0.1 44.50
NM_M 4.09 £ 0.8 25.97

Table 7

Correction factor (K) for envelopers materials Carb and Cerm.
Standard Sample K (cm®/mm) K (em®/mm)

Carb Cerm

Natural sand 1 2.0361 1.8489
Natural sand 2 2.0231 1.8734
Natural sand 3 2.0362 1.8750
Mean 2.0318 1.8658
Std Desv 0.0075 0.0146

porosity of the NM_F sample present better results when compared with
MG_F samples. It is important to consider that the magnetic fraction
present higher porosity, and consequently high cement paste content.
The cement paste impacts the roughness of the material and possibly
impacting negatively the PP measurements. The conformance of the
enveloper surrounding the samples affects directly the PP measurement.

The small particle size differences between the enveloper and sam-
ples increase the voids volumes between the particles. Thus, it increases
the PP measurement inaccuracy. In order to compare the MIP and
pycnometry association for fine fraction, a new enveloper must be

Fig. 7. Powder pycnometry analysis employing the envelopers.

applied with small particle size than the enveloper tested. Another way
to improve the results of fine fraction is evaluate the Kg,ctor considering
an restrict particle size distribution similar with the analyzed samples.

The equipment’s manual recommends for envelope density deter-
mination by Geopyc, samples with particle size greater than 2 mm.
Considering this recommendation, the particle size distribution of Dry-
flo® was performed (dgp = 227 pm). That’s indicates the sample parti-
cles (djp) are 10 times greater than enveloper material particles.
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Table 8
Envelope density of recycled sands employing Carb and Cerm as enveloper
materials.

Samples Cerm Carb

Envelope Density (g/cm3) (g/cm3)

MG_M 2.1432 + 0.0210 2.2258 + 0.0345
MG_F 1.9327 + 0.0292 1.8699 + 0.0129
NM_M 2.5395 + 0.0145 2.5475 + 0.0239
NM_F 2.4728 + 0.0173 2.3543 £ 0.0069
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25+ B vip
204
S
> 154
‘»
o
O 10+
[+ ¥
5- 3.473.784.04
0

MG_F

MG_M NM_F NM_M

Fig. 8. Porosity of FRA by MIP (gray) and pycnometry association employing
the envelopers.

Table 9
Determination of the recycled aggregates porosity by MIP and association of gas
and powder pycnometry techniques.

Porosity (%) Samples Pyc_Carb Pyc_Cerm MIP

MG_F 25.9 + 0.5 23.4+1.2 15.9 £ 0.3
MG.M 13.6 +1.3 16.8 + 0.8 12.7 +£ 0.9
NM_F 10.1 £0.3 5.56 + 0.7 4.04 £ 0.1
NM_M 3.47 £ 0.9 3.78 £ 0.6 4.09 +0.8

Considering the smallest particle size values of the samples (d;o) and top
size of the tested envelopers (dgg), the analyzed FRA samples show
sample/enveloper size relation in percentage of: MG_F (9.95%), MG_M
(20.4%), NM_F (6.48%), NM_M (23.7%) for Cerm and MG_F (9.80%),
MG_M (20.1%), NM_F (6.38%), NM_M (23.3%) for Carb.

3.6. X-ray microtomography (Micro-CT)

The tomography characterization was performed in order to evi-
dence the packing ability of that is considered the best enveloper ma-
terial for PP analysis. The images show high roughness on the particles
surface, as well as distinct particles shape and minerals association in the
sand, i.e., the presence of high-density mineral grains (lighter grey levels
of the image, Fig. 9).

The 2D images of X-ray micro-CT longitudinal slice (Fig. 10) repre-
sent the enveloper particle packing, by means of its interparticle
porosity (segmented in blue) surrounding the MG_M particles. The
acquisition of images by Micro-CT in packed particles systems with
different dimensions, requires making selections.

In the first section, image acquisition is performed in all material
increasing the representability, but decreasing the image resolution,
which impacts negatively in the segmentation of enveloper particles and
pore space. In the second section, image acquisition was performed in
high resolution, however limiting the size of the analyzed volume, thus

Construction and Building Materials 308 (2021) 125091

Fig. 9. X-ray Micro-CT core image of syringe filled with MG involved in Cerm
particles (A) core image (voxel size, 3.5 pm) and (B) zoom image (voxel size,
1 pm).

compromising representability.

Another phenomenon that’s requires attention, and evidence and
extremely important concept for envelope density measurements are
related to the “shadow zones” (red circles in Fig. 10). The shadow zones
are defined as the region in which the enveloper particles were not able
to access, given a limit of enveloper particle size or flow rate. The Micro-
CT experiments were conducted to simulate the conditions of automa-
tized power pycnometry, but without employ vibrations in sample
preparation. The vibration contributes to the packing ability of enve-
lopers, so improvement in the sample preparation and image acquisition
is required for a correct porosity determination by micro-CT.

The particle size distribution and particles flow rate of enveloper
material impact the samples envelope volume measurement. These pa-
rameters are critical to evaluate the envelope effectiveness in deter-
mining envelope density in samples with high roughness. Thus,
employing different envelopers materials for samples envelope density
characterization, the results will not be the same, but similar.

The Micro-CT characterization indicates a good packaging of the
Cerm particles surrounding recycled sand particles (MG_M) that is
corroborated by the porosity measurements, despise of “shadow zones”.

4. Conclusion

The replacement of the commercial DryFlo® by microsphere of
ceramic (Cerm) and carbon (Carb) as envelopers contribute to extending
the application of PP technique to samples with particles larger than 0.3
mm. The associated method of helium gas and powder pycnometry
present simple and quick results (20 min) comparable to MIP for recy-
cled sand in medium fraction (0.300-1.180 mm), with good accuracy for
porosity determination.

The tested envelopers (Cerm and Carb) replaced properly the com-
mercial enveloper for the envelope density measurements for FRA
samples at a medium fraction (0.300-1.180 mm). The best-tested
enveloper material applied for FRA samples were Cerm, factor such as
similar sample density, narrow particle size distribution, flow rate and
spherical shape are determinant for improve the conformance.

The envelope retention in the analysis chamber also contributes to
the measurement accuracy, thus the employment of Carb as an enve-
loper presents significant deviations in porosity analysis. The aspects
such as Kgyeror and the relation between enveloper and sample PSD is an
important topic for the accuracy of the envelope density determination
by PP, mainly for fine fraction analysis (0.074-0.300 mm).
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