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Abstract
This study aimed to assess the textural differences in soil samples with varying percentages of clay relative to sand content. 
Speckle interferometry by reflection technique was used, with the aid of polarizers to increase contrast. The method was 
based on elements of the Time History Speckle Pattern (THSP) and Error Theory. The data consisted of videos of static 
and dynamic interference patterns observed on the surfaces of the soil samples. These videos were then divided into frames 
to create THSP files, which formed the basis for constructing the graphs that present the average relative intensities of the 
interference patterns over time. Quantitative results revealed that samples with higher clay content presented higher mean 
relative intensities compared to samples with lower clay content. The uncertainties associated with these measurements 
were 3.6% for the more clayey sample and 4.1% for the less clayey sample. The percentage differences between the average 
relative intensities were (2.39 ± 0.36) × 10−1 for the highest clay percentage sample and (3.39 ± 0.41) × 10−2 for the lowest 
clay percentage sample.
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1  Introduction

Studying soil texture is crucial in Agricultural Engineer-
ing to discern the characteristics that impact plant growth. 
Among these attributes are water retention, air permeabil-
ity, and displacement. A soil with a more clayey than sandy 
texture helps in water retention, providing greater humidity 
and, consequently, a more significant release of nutrients 
to plants, with less need for irrigation [1, 2]. Identifying 
soil texture is essential for defining effective management 
strategies and achieving optimal productivity. Exploring 
innovative techniques, such as Speckle analysis, holds great 

promise for obtaining precise quantitative results based on 
computational error correction from digital images.

Several published works [3–7] highlight the significant 
relevance of Speckle methodology in engineering and phys-
ics, particularly in the quest to comprehend contrasts and 
irregularities on material surfaces. In the context of soil 
studies for agriculture, a recent study [8] investigates the 
correlation between the biospeckle phenomenon [9] and 
varying levels of induced moisture in red-yellow argisol. 
The results demonstrate effective monitoring of water activ-
ity while observing different moisture levels in soil classified 
as red-yellow argisol.

Speckle is a subfield of optics that investigates the static 
or dynamic behavior of the interference phenomenon on sur-
faces illuminated by coherent light waves over time [10–15]. 
The optical technique employed for data collection is the 
Speckle interferometer, which can operate via reflection or 
refraction of light, depending on the sample type. In gen-
eral, the data consist of videos that digitally record inter-
ference patterns for subsequent analysis [3, 4]. An excel-
lent approach to comprehend the temporal evolution of the 
interference pattern generated by Speckle is to utilize the 
Time History Speckle Pattern (THSP) method. This involves 
segmenting a recorded video of the interference pattern into 
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frames, extracting pixel lines from these frames, and organ-
izing them to create a single image that visually represents 
this temporal evolution [4, 16, 17].

This work offers a quantitative alternative to improve the 
accuracy in the investigation of clay contents in important 
soil samples in agricultural production, using laser and com-
puting as main tools and inserting a modern methodology 
with potential applications in agriculture. For this, we use 
Speckle interferometry and graphical analysis by a compu-
tational method based on the traditional methods of THSP 
[18, 19] and Error Theory [20, 21].

2 � Theory

Figure 1 shows the photos, original (in red tones) and con-
verted (in gray tones with intensities from 0 to 255; 8 bits), 
of the interference formed during the illumination of a 
region of a sandy soil sample using the Speckle technique 
by reflection using a helium–neon laser as a light source. 

The set of grains observed is the result of interference 
caused by the diffuse reflection of the laser on the surface 
of the material, creating a grainy effect, commonly known 
as Speckle.

During the process of interaction of light with the surface 
of the soil sample, part of the radiation will be absorbed 
and part emitted. The overlapping of emissions produces 
constructive and destructive interference, according to the 
interference theory of light. [10, 12–15]. Figure 2 presents 
a diagram of this phenomenon associated with the grains 
of soil constituent materials (sand, silt, and clay) important 
for this study.

An efficient way to understand the temporal evolution of 
the interference pattern produced by Speckle is to use the 
THSP method [4, 11, 17], which consists of recording the 
temporal evolution of the sample’s Speckle interference pat-
terns in a video, separating the video into frames, collecting 
pixel lines from each frame, and organizing them side by 
side, in a single image, to show the temporal evolution of 
this interference pattern, as shown in the diagram in Fig. 3.

Fig. 1   Images of the static inter-
ference pattern of a soil sample 
using the Speckle technique by 
reflection with a He–Ne laser 
light source. Left: original 
image; right: image converted to 
grayscale

Fig. 2   Illustrative scheme of 
interference, by Speckle, in the 
constituent materials of the soil 
(sand, silt, and clay)
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Each THSP file has n (lines) x m (columns) that are associ-
ated with light intensities. The relative average intensity, in 
each column of the THSP file, ⟨I⟩j (j = 1, 2, …, n), is then 
determined by expressions (1), such that

with ⟨I⟩j as the intensity value of each pixel, Imax as the 
maximum intensity value among the values of all pixels, for 
normalization purposes. �⟨I⟩j is the estimated uncertainty of 
each ⟨I⟩j , based on the Gaussian distribution theory [20, 21]. 
The relationship between the proportion of clay and the 
proportion of sand provides the relative proportionality 
factor, fp, of clay in relation to sand. Therefore, to calculate 
fp, expressions (2) are used.
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with fclay and fsand as the respective proportion values of clay 
and sand. �fclay and �fsand are the respective uncertainties of 
fclay and fsand.�fp is the estimated uncertainty of fp, from 
Gaussian distribution theory [20, 21]. To contrast the distri-
butions of relative intensities of samples with higher clay 
content in relation to samples with lower clay content, it is 
necessary to normalize the ⟨I⟩j values since the proportions 
( pclay or psand ) of these materials in the available samples 
were not the same. Thus, when comparing two samples, the 
following average adjustment factors were proposed:

with �⟨f ⟩more (or less) clay
 as the estimated uncertainty of the average 

value〈⟨f ⟩more (or less) clay from the uncertainty propagation 
theory [20, 21].

Another normalization factor, important for contrast-
ing the distributions of the relative average intensities of 
the samples, considered environmental conditions, such 
as temperature (T), pressure (P), and humidity (H). Thus, 
using the weighted average.
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Fig. 3   Scheme of creating the THSP file and THSP image. A row of pixels from each image (frame) separated from the video is transported in 
order to a column in the THSP file
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With fT , fP , and fH as the weighted factors T, P and H, 
respectively, and T, P, or H as the condition. ⟨T⟩i , ⟨P⟩i , 
and ⟨U⟩i are the average values of all collections, and ⟨T⟩ , 
⟨P⟩ , and ⟨H⟩ are the average values of all collections of 
the aforementioned quantities. The coefficients �T , �P , and 
�H represent partial normalizations for each quantity, such 
that

(condition)max and (condition)min are the maximum and 
minimum conditions (T, P, or H) among all measurements. 
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The uncertainties of expressions (4) and (5) were estimated 
based on the uncertainty propagation theory [20, 21].

To normalize the relative average intensities, the factors are 
used as follows:

Figure 4 presents an illustrative diagram of the graph that 
will represent the distributions of normalized relative intensi-
ties, ⟨I⟩j−normal , of the contrasted samples.

3 � Methodology

3.1 � Soil Samples

The work carried out used soil samples with higher and 
lower percentages of clay, identified by codes 111214/9 and 
106489/4, respectively, as shown in the photos in Fig. 5.

Soil particles exhibit varying proportions of sand, silt, 
and clay, with the soil texture being determined by the rela-
tive proportion of these components. These components are 
classified based on particle size, with sand particles. The 
samples with the highest clay content were labeled with 
code 111214/9, while those with the lowest clay percentage 
were designated as code 106489/4, having diameters ranging 
from 0.05 to 2 mm, silt particles having diameters ranging 
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Fig. 4   Contrast curves between distributions of normalized mean rel-
ative intensities between samples with higher (blue distribution) and 
lower (black distribution) clay concentrations. Solid lines are guides 
and do not represent the true function of the distribution
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from 0.002 to 0.05 mm, and clay particles having diameters 
smaller than 0.002 mm [22].

The samples were initially prepared according to stand-
ard recommendations in the area of agronomy, [23, 24] 
by researchers Prof. Dr. Gustavo Di Chiacchio Faulin and 
Prof. Me. Luis Eduardo Rissato Zamariolli from the Soil 
and Plant Tissue Laboratory of the Nishimura Technology 
Foundation of Fatec Pompéia, the result of a partnership 
between the Optics and Applications Laboratory of Fatec 
Itaquera and the Soil Laboratory of Fatec Pompeia. The 
pipette technique [22–24] was used, essential for deter-
mining the soil particle size, which determined the distri-
bution of particles with a diameter of less than 2.0 mm. 
Initially, a soil sample is dispersed in a NaOH solution and 
shaken vigorously to promote particle dispersion. Then, 
the NaOH solution is transferred to an Erlenmeyer flask, 
which is shaken for 16 h. The sand fraction is separated 
by sieving and washed with distilled water to retain the 
sand and deposit the clay and silt in a beaker. The sand 
goes through an oven drying process, and its mass is then 
measured. The beaker is filled with distilled water, and 

the solution settles. After sedimentation, the solution is 
removed with a pipette and transferred to a crucible, which 
is taken to the oven for drying, separating the clay fraction. 
The silt fraction is calculated as the difference between 
the sand fraction and the clay fraction. The samples were 
adapted and positioned in acrylic boxes with black EVA 
(ethylene vinyl acetate) coating to reduce light dispersion 
by researchers from the Optics and Applications Labora-
tory of Fatec Itaquera.

3.2 � Technique

The optical technique employed was an experimental con-
figuration of the Speckle interferometer by reflection, which 
incorporated two linear polarizers. This setup is depicted in 
the photograph in Fig. 6.

This technique involves observing samples and producing 
images with interference patterns. From the point of view 
of wave optics, the laser light (1) emitted by a helium–neon 
(He–Ne) source passes through a spatial filter (2). This filter 
consists of an objective lens (2.1) and a pinhole (2.2), which 

Fig. 5   Soil samples: more clayey (111214/9); less clayey (106489/4)

Fig. 6   Photo of the experi-
mental setup: Speckle reflec-
tion interferometer with linear 
polarizers
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together transform the Gaussian spatial wave into a spherical 
one. Subsequently, the light passes through a plano-convex 
lens (3), converting it into a plane wave. This transforma-
tion aligns the light rays in parallel, allowing better control 
over the light used in the experiment. Additionally, it sim-
plifies the mathematical analysis by enabling interpretation 
within an inertial system of Cartesian coordinates. Continu-
ing the process, the resulting light then passes through an 
iris (4), which selects the appropriate diameter for observa-
tion. Then, the first linear polarizer (5) determines a specific 
direction for the light, which goes to a flat mirror (6). The 
mirror directs the light to the sample, allowing the interfer-
ence pattern to be obtained. Subsequently, a digital camera 
(8) captures this pattern after passing through the second 
polarizer (7), known as an analyzer, which modifies the 
polarization state of the light to increase contrast and inten-
sity. Finally, videos are stored as digital files on a computer.

The data capture process was organized as follows:

	 (i)	 Three data collections were conducted, labeled as 
Collection A (involving static samples), Collection B 
(involving samples in uniform circular motion at an 
approximate frequency of 0.2 cycles per second), and 
Collection C (involving samples in uniform circular 
motion at an approximate frequency of 0.5 cycles per 
second).

	 (ii)	 For each data collection (A, B, or C), x videos were 
recorded for each sample, with a time interval ∆t rep-
resenting the exposure of the resulting light in each 
video. Additionally, during each data collection, the 
essential environmental parameters, including tem-
perature, pressure, and humidity, were measured n;

	 (iii)	 The videos and the values of environmental condi-
tions were stored in files.

3.3 � Method

The main objective of the developed method was to present 
quantitative graphical results from the computational calcu-
lation of relative average intensities as a function of sample 
exposure time. The theories that supported the computa-
tional method were associated with the traditional THSP 
and Error Theory methods, according to what was presented 
in Sect. 2.

The procedures for the analysis were as follows:

	 (i)	 From the concentration data provided by the 
researchers who prepared the samples, the clay pro-
portionality factors were determined in relation to the 
sand for each sample, together with their correspond-
ing uncertainties, according to expressions (2) and 
(3), presented in Sect. 2.

	 (ii)	 Environmental values were measured during data 
collection. Each magnitude was measured 10 times, 
and uncertainties were determined by combining the 
statistical uncertainty with the uncertainties associ-
ated with the measuring instruments, following the 
principles of Error Theory [20, 21], according to 
expressions (4) and (5), presented in Sect. 2.

	 (iii)	 With this, the average environmental factors were 
determined for each sample collection;

	 (iv)	 Each video was cut into the 30-s mark, disregarding 
the beginning and end of the collection, to eliminate 
most of the instabilities;

	 (v)	 Each cropped video was separated (24 fps) into image 
frames that were used in determining the THSP file;

	 (vi)	 Each frame was converted to gray scale with intensi-
ties from 0 to 255, in 8 bits, to obtain a unique matrix 
of intensities without loss of generality and informa-
tion for this work;

	(vii)	 In each frame,

(a)	 one horizontal line of pixels was removed from 
the same position;

(b)	 As explained in the theory part (Sect. 2), each line 
was arranged vertically, in sequence, to produce 
the THSP files.

	(viii)	 In each THSP file,

(a)	 the relative average intensities were calculated 
from the algorithms of expressions (1) and (2), 
presented in Sect. 2.

(b)	 the normalizations of proportions of relative 
average intensities were calculated, according to 
expression (6), presented in Sect. 2.

(c)	 final adjustments of relative mean intensities were 
performed.

Table 1   Proportions of clay, sand, and silt in soil samples used in 
data collection

(*) United States Department of Agriculture

Samples Sand (g 
kg−1)

Silt (g kg−1) Clay (g 
kg−1)

USDA(*) soil 
texture classi-
fication [22]

106489/4 938.0 ± 0.5 6.0 ± 0.5 56.0 ± 0.5 Sand
111214/9 576.0 ± 0.5 178.0 ± 0.5 246.0 ± 0.5 Sand loam

Table 2   Relative factors of proportionality of the amount of clay in 
relation to the sand

Sample Proportionality factors 
(fp)

106489/4 (less clayey) 0.0597 ± 0.0005
111214/9 (more clayey) 0.4270 ± 0.0009
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	 (ix)	 Construction of graphics, like the model in Fig. 4:

(a)	 The final relative average intensities were graphi-
cally organized in function to the observation 
times;

(b)	 In the same graph, the distributions of a sample 
with more and less clay content were contrasted.

4 � Results

The proportions of clay, sand, and silt for these samples are 
shown in Table 1.

In the technique in Fig. 1, the laser employed had a wave-
length of 632.8 nm and a power of 21 mW. The spatial fil-
ter assembly consisted of a × 10 magnification microscope 
objective and a pinhole aperture with a diameter of 25 µm. 
The diameter of the light beam, determined by the iris, was 
(2.0 ± 0.2) × 10 m. For each data collection (A, B, or C) con-
ducted on different days, three videos were recorded for each 
sample, with approximately 40 s of exposure to the resulting 
light per video. A time interval of 30 s was selected for all vid-
eos. The cuts were made between the time points 5 and 35 s.

The proportionality factors for clay in relation to sand were 
calculated based on data from samples 106489/4 (with lower 

Table 3   Proportionalities for the 
environmental conditions of the 
three data collections

Greatness for environmental factors Collection A
(static)

Collection A
(slow dynamics)

Collection A
(fast dynamics)

Average temperature (< T >) (°C) 14.7 ± 0.3 19.0 ± 0.3 21.2 ± 0.3
Average pressure (< P >) (hPa) 983 ± 10 1027 ± 11 1008 ± 12
Average relative humidity (< U >) (%) 63 ± 6 73 ± 6 54 ± 6

Fig. 7   Distributions of normalized mean relative intensities versus 
observation times of Speckle interferences from the A1, A2, and A3 
videos of collection (static) for samples with more (in blue) and less 

(in black) proportion of clay. The blue and black lines are guides to 
indicate distribution swings visually
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clay content) and 111214/9 (with higher clay content). Table 2 
presents these values, along with their respective uncertainties.

The average values and uncertainties of the environ-
mental conditions, temperature, pressure, and humidity are 
shown in Table 3.

The graphs, which display the distributions of average 
relative intensities normalized as a function of observation 
times, reveal the results of Speckle interference contrasts 
between samples with varying proportions of clay.

These graphs were generated from data from three dif-
ferent collections: A (static) (Fig. 7), B (slow dynamics) 
(Fig. 8), and C (fast dynamics) (Fig. 9). The graphs were 
created using computer programs developed in the Optics 
and Applications laboratory, employing algorithms based on 
Error Theory and THSP Theory [20, 21].

5 � Discussion

In all distributions, it is evident that the normalized relative 
average intensities are consistently higher for samples with 
greater clay content (indicated by the blue distributions). 

This phenomenon highlights a more pronounced Speckle 
interference activity in these samples. Although the mean 
values of the distributions for each set (A, B, and C) do not 
precisely match up to the second decimal place, the asso-
ciated uncertainties maintain them statistically equivalent 
within an acceptable tolerance for each result.

The distributions for samples of type C (fast dynamics) 
exhibit greater variation compared to those for samples of type 
B (slow dynamics) and, subsequently, to those of type A (static). 
This occurs because the movement produces an increase in 
Speckle interference. However, the movement with controlled 
average speed remained the same as the verification of contrast 
between the samples, with more and less clay content.

From the point of view of interferometry, it is possible 
to observe greater production of constructive interference 
in samples containing a higher clay content, compared to 
samples containing a lower clay content. This is possible 
due to the differences between the grain sizes of clay, silt, 
and sand. Although the granulometric analysis associated 
with Speckle interference was not conducted in this study, its 
inclusion in future work could serve to reinforce and validate 
the results presented here.

Fig. 8   Distributions of normalized mean relative intensities versus 
observation times of Speckle interferences from the B1, B2, and B3 
videos of collection (lower dynamics) for samples with more (in blue) 

and less (in black) proportion of clay. The blue and black lines are 
guides to indicate distribution swings visually
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Compared to the traditional methodology [1], the data 
collection and analysis process are more efficient and faster 
with the Speckle methodology, providing the possibility of 
using a greater number of samples and, therefore, producing 
greater accuracy. However, it will be necessary to carry out 
additional measurements and analyses using a larger set of 
samples to enable a more robust comparison between the 
methodology proposed here and the traditional approaches 
currently used by farmers.

6 � Conclusions

All graphs showed higher average relative intensity for 
higher clay content (samples 111214/9) in relation to lower 
clay content (samples 106489/4). Therefore, there are dif-
ferences between the greater or lesser amount of clay in the 
samples, identified by the Speckle pattern. The methodology 
was efficient and presented a possible alternative to the soil 
contrast study. Future work could classify the average per-
centage amounts of clay, silt, and sand in different samples 
to build a soil contrast map. Over time, feed a database with 
values of relative intensities and build an artificial intelli-
gence program to identify the percentages of these mineral 
materials in uncatalogued soils.
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