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Optical sizing of cement particles
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We represent the optical correlation technique of cement particle sizing based on the transverse
coherency function measurement using a polarization transverse shearing interferometer. It is
shown that a set of particles with random shapes and orientations produces a coherence function,
which is the same as a function of the set of spherical particles. The proposed technique of experimental data processing decreases the dependence of the result on interferometer noise, emission
source intensity fluctuations and differences in the refraction index of isolated cement particles.
The described technique allows fast and high reliable determining of the size distribution function
parameters for a set of cement particles.
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1. Introduction
The size distribution function (SDF) of particles is an important concrete and cement
characteristics. Different kinds and brands of cement differ by particle sizes. For physical
and mathematical modeling of various processes, which occur during concrete hydration,
studying its mechanical, optical and other properties, it is necessary to know the SDF
of particles. Cement particle SDF size measurements are taken by different techniques,
such as electrical zone sensing, sedimentation, scanning electron microscopy [1–5].
But these techniques are rather complicated and are not widely used. А standard technique consisting in measurements of cement particles remaining weight on the sieve
while consecutive screening is performed from the biggest mesh aperture to the smallest. A widely used optical approach is a laser diffraction (LDF) technique [5]. It is based
on the measurement of a diffraction angle during laser light scattering on the flow of
particles which are weighted in air. Here we propose the optical correlation technique
for determining the parameters of cement particles’ SDF [6, 7].
It is known that optical properties, for different kinds of effects like scattering and
so on, are mathematically calculated only for spherical, cylindrical and spheroid forms
of particles [8–11]. Thus, for practical use, it is convenient to approximate cement
particles like ones with spherical form [12]. For example, this approximation is used
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in LDF [5]. But the obtained distribution depends essentially on incoming parameters
for calculating. One of these parameters is a magnitude of a relative refraction index.
The refraction index of cement materials is complex, but its real and imaginary parts
are varying within the ranges n = 1.5 to 1.7, χ = 0.003 to 1.0 [1–5] for different particles.
Usually, a specified refraction index magnitude is set for all particles, what causes the
result distortions.

2. Measurement of coherence function
using a polarization interferometer
At light scattering on the set of particles, the particle images can be projected into
an observation plane. It is easy to analyze these images using the transverse coherence
function (TCF) which is an autocorrelation of particles image. In the case when images
are formed by coherent light, TCF magnitude for a specified displacement is determined
by the interference pattern visibility, which for scalar optical fields is determined as
I max – I min
V = ----------------------------I max + I min

(1)

where Imax and Imin denotes maximal and minimal magnitudes of the resulting field at
the interferometer output, respectively. Let us consider the formation of TCF [13] on
autocorrelation of the image for a single particle (Fig. 1).

d

ρ

Fig. 1. Autocorrelation of a single particle image with diameter d
when transverse displacement is ρ.

Let us denote the radiant flux through a unit area by Δ I. The particle image overlaps
radiant flux in the beam. Then, at interference maximum, the radiant flux at the observation plane behind the particle image results from beam interference with zero phase
difference and the total radiant flux is equal to 4Δ I. The radiant flux at the particle
image area outside the overlapping image region equals Δ I. In the overlapped zone
there would be a zero flux. The particle image zone square, outside the overlapped
zone, is equal to 2[d 2π/4 – sr(d, ρ)]. If the observation zone square is bigger than the
particle image square in ρs times, then the observation zone square, without particle
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images, could be defined as ρs d 2π/4 – 2[d 2π/4 – sr(d, ρ)] – sr(d, ρ). Then, maximum
intensity for displacement ρ and particle diameter d can be written as
ρ
3
 ΔI d 2 acos ----- + d 2 π  ρ s – ----- – ρ d 2 – ρ2 ,
d 



2
I max ( ρ, d, ρ s ) = 
3
 ΔI d 2 π  ρ – ----- ,

 s 2

ρ≤d

(2)

ρ>d

where ρs denotes value equal to the ratio between the observation field square and the
particle image square. In the minimum intensity, the observation field would be the result
of bundle interference with phase difference π, so the radiant flux outside the particle
images and in the overlapped image zone would be equal to zero. The radiant flux in
no overlapped zones of particle images is also equal to ΔI. Then, the minimum intensity
in a transverse shearing interferometer for displacement ρ and for particle diameter d
can be written as
2

ρ
2
d π
 ΔI -------------- + ρ d 2 + ρ 2 – d acos ------ ,

d
2

I min ( ρ, d ) = 
2

d π
ΔI -------------,
2


ρ≤d
(3)
ρ>d

Then, the visibility dependence on transverse displacement, which is equal to TCF
(denoted as Γ⊥ ) can be written as
I max – I min
----------------------------= Γ⊥ ( ρ, d, ρ s )
I max + I min
ρ
 d 2 π ( ρ – 2 ) – 2ρ d 2 – ρ 2 + 2d 2 acos -----s

d
 --------------------------------------------------------------------------------------------------------------- ,
2

d π ( ρs – 1 )
= 
 ρ –2
s
 -----------------,
 ρs – 1


ρ≤d
(4)
ρ>d

where ρs is equal to the ratio of the observation field square and the particle image
square.
For the set of spherical particles with corresponding size distribution p(d ), the
transverse coherence function is defined as [13]:
total

Γ⊥

( ρ, ρ s ) =

∞

0 p ( d ) Γ⊥ ( ρ, d, ρs )dd

(5)
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Fig. 2. Polarization interferometer. 1, 5 – crossed polarizers, 2 – sample, 3, 4 – wedges, “o”, “e” – ordinary
and extraordinary beam paths, respectively.

For displacement formation and TCF measurement, a polarization interferometer [13]
can be used (Fig. 2). It consists of two identical wedges 3 and 4, which are placed between crossed polarizers 1 and 5 and form a plane-parallel plate. The main optical axes
of wedges 3 and 4 are parallel and form 45° angle with the axes of maximal transmittance of polarizers 1 and 5. The sample 2 is placed between the polarizer 1 and the
wedge 3. The ordinary “o” and extraordinary “e” beam paths are shown. Spatial separation of beams occurs at the output of the wedge 3.
Formation of the maximum or minimum of intensity of the resulting optical field
at the interferometer output depends on the phase difference between ordinary “o” and
extraordinary “e” beams.
In order to measure the global intensity of an image after polarization, the interferometer next setup can be used (Fig. 3). The beam from the laser 1, through the inverse telescopic system 2, illuminates the sample 3. The images of cement particles 3,
through the polarization interferometer 4, using a micro-objective 5, are projected on
a photodetector 6. The signal from a photodetector is recorded by a computer 7.
The longitudinal displacement between the beams in the interferometer causes the
modulation of total field intensity. Also, the longitudinal displacement between two
beams is linearly connected with the transverse displacement and it is convenient to
1
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7

Fig. 3. Experimental arrangement: 1 – laser, 2 – inverse telescopic system with a diaphragm, 3 – sample,
4 – polarization interferometer, 5 – micro-objective, 6 – photodiode, 7 – computer.
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Fig. 4. Intensity modulation measured for longitudinal displacements of interferometer wedges.

use extreme magnitudes as markers (Fig. 4). The transverse displacement between extrema (maximum and minimum) is equal to λ /2.

3. Influence of a particle shape on the coherence function
In previous work [13] we found an analytical view of the function p(d ) for cement.
Since cement particles were obtained as a result of grinding, the sizes of particles are
random positive values. Such distributions are well approximated by the Rayleigh distribution (RD)
 d2 
d
- exp – -----------p r ( d, σ ) = ---------
σ2
 2σ 2 

(6)

where σ denotes the most probable value of a particle diameter.
Function (6) has only one parameter – σ which makes it suitable and convenient
for a practical use.
All analytical calculations were performed for spherical particles and this raises
the question about the accuracy of obtained results as far as real, random shape cement
ρ⊥

a

ρ⊥

b

Fig. 5. Autocorrelation for a single particle of square (a) and triangle (b) shape with transverse displacement ρ.
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particles are concerned. To answer this question, we performed the series of simulations
for particles with square and triangle images (Fig. 5), which are close to real shapes
of cement particles. The sizes of these square and triangle particles were chosen to have
the same image projection area like for an appropriate spherical particle.
The result of simulation for single particles is shown in Fig. 6. As it can be seen,
the coherence function for a single particle (Fig. 6) differs significantly for particles
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Fig. 6. TCF for single particles of circle, square and triangle shapes.
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Fig. 7. Example of random orientation overlays of square particle images.

1.0

Circle particle
Square particle
Triangle particle

0.8

Ψ⊥

0.6
0.4
0.2
0.0
0

2

4

6

8

10

ρ [μm]

Fig. 8. TCF for the set of particles with uniform random orientations. Each triangle and square particle
has an area which is equal to the area of a circle with the diameter of 5 µm.
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Fig. 9. TCF for the set of particles with uniform random orientations and the Rayleigh SDF with the most
probable size 5 µm. Each triangle and square particle has an area equal to the area of a circle with the
diameter of 5 µm.

with different shapes. But this difference vanishes if we add random orientations
(Fig. 7) and specified distribution by sizes.
Figure 8 shows the coherence function for the set of particles with uniformly distributed random orientations.
Figure 9 shows the TCF for the set of particles with uniformly distributed random
orientations and the Rayleigh SDF (6). The difference between TCFs is less than 3%.
Simulation showed that, although for a single particle it is not possible to consider
random shaped particles as spheres, when we have a set of particles with random orientations and RD by sizes – TCF is almost the same like for an appropriate set of spherical
particles.

4. Experimental results
Measurements were conducted for samples with a large and small concentration of cement particles. Samples were obtained by using a suspension of cement particles and
ethanol. Then, the suspension was evaporated on a glass plate. By small concentration
we meant the case when the distance between particles on a glass plate is bigger than
the size of the biggest particle. Large concentration means that the distance is equal
or less than the size of the biggest particle.
After measurements, in a setup, shown in Fig. 3, and using obtained extreme values, the parameters definition of Eq. (6) was taken from the condition of a minimum
of mean square deviation between theoretical values of the transversal coherence function and experimentally obtained ones (Fig. 10).
Each experimental measurement brings information about the distribution of particles, which are situated at the observation field. That is why, to receive information
on a whole cement particle SDF on a sample, we conducted measurements for different
parts of the sample. The analysis of microscopic cement sample images shows that
in different parts of the sample the most probable particle size varies in limits from 4
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Fig. 10. Experimentally obtained coherence function (dots) and theoretical graph, obtained by the least
-squares technique (line), for samples with large (a) and small (b) concentration of particles.

to 8 μm. There were conducted 10 measurements of samples with large and 10 with
small concentration of particles. From the obtained experimental data, the function (5)
parameters and ρs were found.
Processing of the obtained results gives us such confidence intervals with the confidence level P = 0.95: for samples with high concentration σ = 3.9 to 7.7 μm, and for
samples with low concentration σ = 3.7 to 9.0 μm.

5. Conclusion
There were conducted 10 measurements of samples with a large and 10 with a small
concentration of particles. Processing of the obtained results gives us such confidence
intervals with level P = 0.95: for samples with high concentration σ = 3.9 to 7.7 μm,
and for samples with low concentration σ = 3.7 to 9.0 μm. Average experimental values
of the most probable cement particle size (σ = 5.6 μm for samples with high and
σ = 6.3 μm for samples with low concentration of particles) correspond to values obtained for this cement by the sieve technique. The calculation technique developed by
us decreases the calculated coherence function dependence on interferometer noise,
emission source intensity fluctuations and different cement particles overlapping the
image effect. Also, it has been shown that the coherence function for a set of randomly
oriented particles with random sizes and shapes can be replaced with the function for
spherical particles without the loss of accuracy.
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