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Abstract— This study contrasts the Speckle intensity curves 
of soil samples with clay and sand. The technique used was 
Speckle interferometry and the analysis was the computational 
method based on the Time History Speckle Pattern, THSP, and 
Error Theory. 
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I. INTRODUCTION 

In general, soils with high clay content are dense and 
compact, with high water and nutrient retention capacity, 
but they may suffer from poor drainage and aeration. Sandy 
soils, by contrast, are well-draining and easier to work with, 
yet they retain less water and nutrients, which can reduce 
productivity if not managed carefully. Silty soils on the 
other hand retain more nutrients than sand while being more 
workable than clay. Understanding the proportions of these 
components helps inform irrigation planning, fertilizer 
application, and crop selection, all key aspects of sustainable 
and efficient agricultural productivity [1,2]. 

In Brazil, soil texture classification is primarily carried 
out using standardized gravimetric methods described by the 
Empresa Brasileira de Pesquisa Agropecuária 
(EMBRAPA) [3]. These techniques mainly rely on the 
sedimentation behavior of soil particles in water and require 
the dispersion of the sample, followed by long periods of 
decantation to separate sand, silt, and clay fractions [3,4] 
While reliable, these methods are labor-intensive, time-
consuming, and depend on controlled laboratory conditions. 
As a result, they are often impractical for high-throughput 
analysis or field-based assessments, especially when large 
areas or real-time decisions are involved. 

Given the limitations of conventional methods, there is 
increasing interest in the development of faster, non-
invasive, and automated approaches to soil texture 
characterization. Optical methods can offer promising 
alternatives due to their sensitivity to microstructural and 
compositional differences in materials.  

Techniques such as reflectance spectroscopy [5], laser 
diffraction analyses [4], and speckle analysis [6] have 
shown potential for capturing texture-related information in 
soils without altering the sample or needing a long analysis 

time. Among these, speckle interferometry stands out as a 
cost-effective and highly sensitive optical method capable of 
detecting surface and internal differences in soil without 
disturbing the sample, enabling field-based measurements.  

By analyzing the static or dynamic behavior of 
interference patterns produced under coherent illumination 
[7,8], speckle interferometry has been used in non-
destructive testing, weld quality assessment, and even 
biomedical evaluations [9-11]. Dynamic laser speckle has 
been used to estimate the specific surface area of natural and 
modified bentonite, showing agreement with standard 
physicochemical assessments [13]. More recently, speckle 
interferometry with THSP-inspired analysis has been 
reported to differentiate soil samples by clay content, 
indicating feasibility for textural discrimination [6]. 

In this work, we present a speckle-based quantitative 
approach to assess the clay content in soil samples, 
particularly contrasting samples with different proportions 
of clay and sand. The method combines reflection-mode 
speckle interferometry with computational analysis based on 
the Time History Speckle Pattern (THSP) [13] and Error 
Theory [14], providing a reliable and efficient technique for 
soil contrast analysis. 

II. THEORY 

The speckle interferometry technique used in this study 
involves recording videos of speckle patterns generated by 
coherent light reflected from soil samples. Each frame of the 
video captures a distinct speckle pattern, and these 
sequential frames are used to construct a THSP image, 
which maps the temporal evolution of pixel intensities. The 
resulting THSP enables the computation of normalized 
average intensity values as a function of time, reflecting 
microstructural variations on the soil surface associated with 
differences in soil content. 

Each THSP file is represented as a matrix that has n 
(rows) x m (columns) that are associated with light 
intensities (I). The relative average intensity, 〈I〉j (j = 1, 2, 
…, m), is determined by expression (1): 
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where 〈I〉!  is the mean intensity over the pixels in the j-
frame, and I()* is the maximum intensity value across all 
pixels and frames of the sequence. 

Figure 1 presents a diagram of the THSP file generation. 
Where each column corresponds to the intensity profile of a 
single pixel line at a given time, while the horizontal axis 
represents the progression of time. 

 

Fig. 1. Construction of the THSP file. A horizontal pixel line (dashed white 
line) is extracted from each speckle image acquired sequentially. These 
lines are stacked side-by-side in temporal order to form a 2D image 
(bottom), resulting in the THSP file. Files k and n represent arbitrary 
speckle frames acquired between the first and the last frame in the 
sequence. 

To estimate the uncertainty, σ〈%〉% , each	〈I〉!, we assume 
Gaussian error propagation [14] and use equation (2). 

σ〈%〉% = ±) "
#	(#.")

∑ (I& − 〈I〉&)0#
&'"                     (2) 

For a correct contrast comparison, we then correct the 
intensity 〈I〉!  to take into account a proportionality factor, 
〈f〉±23)4, and an environmental factor, f5. This correction is 
done to account for different proportional content of 
materials and environmental conditions during measurement 
(e.g., temperature, pressure, and humidity).  

The final corrected relative intensity, 〈I〉!.#, is defined 
with equation (3.a), with its estimated uncertainty being 
defined in equation (3.b) [14]. 

〈I〉!.# = 〈I〉!〈f〉±23)4f5#6.8)9:;<                    (3.a) 
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The clay-correction factor (〈f〉±93)4) was estimated from 
reference of each one of the samples with known clay 
fractions. The environmental factor (f5#6.8)9:;<) was derived 
from the temperature, pressure, and humidity recorded 
during each acquisition. For each condition we recorded 
approximately 10 THSP sequences, each comprising about 
2,000 frames. The THSP intensity metric (Eq. 1) was 
computed per sequence as the mean across frames. 

III. METHODOLOGY 

A. 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 Figure 2. 

 
Fig. 2. Soil samples: more clayey (111214/9), less clayey (106489/4), and a 
speckle pattern image on the right. 

B. Experimental Setup 

For the intensity measurements, a reflective speckle 
interferometer was employed. The experimental setup began 
with a He-Ne laser emitting at 632 nm, followed by a spatial 
filter consisting of an objective lens and a 30 μm pinhole. A 
plan-convex lens was used to collimate the light, and an iris 
was used to control the diameter of the light beam. Two 
linear polarizers (Pol. 1 and Pol. 2) were used for contrast 
adjustment and intensity control. A plane mirror was used to 
redirect the light onto the soil sample. The speckle pattern 
generated by the reflected light was recorded as a video 
using a camera. Figure 3 presents a scheme of the 
experimental setup.  

 
Fig. 3. Speckle experimental setup: Speckle reflection interferometer with 
linear polarizers. He-Ne Laser light; Spatial filter (objective lens and a 
pinhole); Plan-convex lens; Iris; Linear polarizers (Pol. 1 and Pol. 2); Plane 
mirror; Digital camera.  

The objective of this work is to show quantitative 
results, taking account error propagation and correction 
factors, from the computational calculation of relative 
average intensities using THSP.  

IV. RESULTS 

The proportions of Clay, Sand, and Silt for these 
samples are shown in Table 1. 

TABLE I.  PROPORTIONS OF CLAY, SAND, AND SILT IN SOIL SAMPLES 
USED IN DATA COLLECTION. 

 
(*) United States Department of Agriculture. 

TABLE II.  RELATIVE FACTORS OF PROPORTIONALITY OF THE 
AMOUNT OF CLAY IN COMPARISON TO SAND. 

 
The proportionality factors for clay in relation to sand 

were calculated based on data from samples 106489/4 (with 
lower clay content) and 111214/9 (with higher clay content). 
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Table 2 presents these values, along with their respective 
uncertainties. 

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

TABLE III.  PROPORTIONALITIES FOR THE ENVIRONMENTAL 
CONDITIONS OF THE THREE DATA COLLECTIONS.

 

Figure 4 shows the relative average intensity over time 
for both samples, where the soil with higher clay content 
(111214/9) exhibits significantly higher relative intensity 
values compared to the soil with lower clay content 
(106489/4).  

 
Fig. 4. Distributions of normalized mean relative intensities versus 
observation times of Speckle interferences from the A1 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. 

This difference in average intensity can be attributed to 
the increased surface roughness and scattering capability of 
the clay-rich soil, which produces more pronounced and 
dynamic speckle patterns. The larger fluctuations observed 
in the 111214/9 sample suggest a greater sensitivity and 
dynamic behavior, while the signal from the 106489/4 
sample remains more stable and lower. 

It is important to recognize that soil characterization 
encompasses a broad spectrum of parameters beyond just 
the proportions of clay, sand, and silt. Properties such as 
organic matter content, cation exchange capacity, pH, 
structure, biological activity, and mineralogy also play 
crucial roles in soil functionality and agricultural 
performance. By focusing this study solely on speckle 
intensity measurements, the results indicate that speckle 
interferometry can effectively capture relevant contrasts and 
differences between soil samples with varying clay content, 
supporting its potential as a complementary tool for soil 
characterization. 

V. CONCLUSION 

The measurements showed higher average relative 
intensity values for samples with higher clay content 
(111214/9) compared to those with lower clay content 

(106489/4). This indicates that differences in clay 
concentration can be effectively identified through speckle 
pattern analysis. The methodology proved to be efficient, 
offering a viable alternative for studying soil texture 
contrasts.  

In future work, the goal is to classify the relative 
percentages of clay, silt, and sand across various samples to 
construct a soil contrast map. Additionally, efforts will be 
made to correct for differences in light absorption among 
the samples and to further investigate the scattering and 
dispersion phenomena associated with soils of varying 
composition. 
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