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Abstract 

In the state-of-the-art, no studies are recognized regarding analyzing or processing images in diatomaceous soils for their subsequent 

relationship with mechanical parameters. These soils report responses and behaviors that are unusual and distant from conventional 

soil mechanics. This research included a diatomaceous soil of Colombian origin with cylindrical particles, in which unconfined 

compression, direct shear, and oedometric compression tests were carried out, and Scanning Electron Microscopy images were 

obtained. Analysis techniques and filters (Binarization, Voronoi, LUT) were applied to these observations. This research aims to 

determine if, from the images and the mechanical response results, some correlation can be established that subsequently serves as 

a predictive tool for the behaviour of this type of soil. The geotechnical response values are based on the study variables 

(diatomaceous soil content and deterioration cycles). Proportional trends that are almost linear in behaviour are identified between 

test values. The results of final void ratio, cohesion (kg/cm2), and strain at failure (%) obtained through laboratory tests and those 

calculated from image analysis are presented. A multivariate analysis was performed, and a quantitative image-based index was 

proposed to correlate cohesion parameters, friction angle, undrained shear strength, and strain at failure. 
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Introduction 

The application of Artificial Intelligence and Image Processing Methods is becoming more 

frequent in civil engineering studies, whether in the description of physical properties of materials 

or the prediction of mechanical responses of samples. These aspects are supported in 

photographic captures. This initiative is motivated by the time and cost reduction that an image 

analysis exposes comparatively with a conventional laboratory test, serves to understand the 

origin of the physical response of a material at micro and nano scales, and helps to quantify and 

internalize concepts regarding the organization of particles within a medium. For the specific 

case of applications in geotechnical engineering, image processing techniques have recently been 

implemented in research lines such as: 

 

• Reconstruction of rock and soil particles with irregular morphometric conditions and 

various sizes by applying grayscales, element extraction, and color reassignment [1]. 

 
1 Programa de Diseño y Construcción de Vías y Aeropistas, Escuela de Ingenieros Militares.  
Ejército de Colombia, Bogotá 111611, Colombia, Email: est.daniel.zuluaga@unimilitar.edu.co,  daniel.zuluaga@esing.edu.co  
2 Programa de Doctorado en Ingeniería, Universidad Militar Nueva Granada, Bogotá 110111, Colombia, 

juan.ruge@unimilitar.edu.co  
3 PhD Program in Engineering, Universidad Militar Nueva Granada, Bogotá 110111, Colombia, Email: 

juan.ruge@unimilitar.edu.co  

https://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.63332/joph.v5i7.2962
mailto:est.daniel.zuluaga@unimilitar.edu.co
mailto:daniel.zuluaga@esing.edu.co
mailto:juan.ruge@unimilitar.edu.co
mailto:juan.ruge@unimilitar.edu.co


Zuluaga-Astudillo et al. 1741 

posthumanism.co.uk 

 

 

• Using soil spectral libraries (SSLs) based on visible-near infrared images to predict 

organic carbon (SOC). The models showed good accuracy and allowed a detailed 

characterization of the spatial distribution of SOC [2]. 

• The surface water content (SSWC) effect on soil images was studied. A multi-Gaussian 

(MGF) color feature extraction method was introduced to mitigate possible interferences. 

Color, texture, and proportion features and their relationship to SSWC were considered 

in the images. Results provided a non-contact monitoring method, proper in studies on 

seepage in porous media and water migration in unsaturated soils [3].  

• The tensile strength of unsaturated clayey soils and their corresponding deformation 

were determined using particle image velocimetry (PIV) and digital image correlation 

(DIC) techniques. The location and direction of tensile fracture in the soil samples were 

predetermined by using the strain concentration [4]. 

• The description of the particle shape and the image acquisition system was assessed. Ref. 

[5] analyzed the relationship between the particle shape and the mechanical properties 

of granular soil, considering that the geometry significantly affects the macro mechanical 

behaviour, especially when the sphericity, roundness, and roughness are altered. 

• Sand, silt, and clay contents in soil samples using near-infrared NIR and image fusion 

data based on a convolutional neural network (CNN) model. For the predictive model, 

preprocessing methods, image types, and sizes were optimized, and the performance of 

the CNN model was improved using a small amount of data. The proposed CNN using 

NIR and Image Fusion data accurately predicted silt and clay fractions [6]. 

• Advances in smartphone-based soil characterization. This technology has transformed 

traditional soil analysis methods. Methodologies used in soil image processing were 

examined, covering aspects such as image acquisition, segmentation, color space 

conversion, and feature extraction, facilitating the development of predictive models for 

soil attributes. Challenges were identified considering variability in illumination, 

moisture content, and device limitations [7]. 

• A prototype machine was developed to take images in controlled environments (light 

intensity, distance, and dry conditions) to analyze soil texture. Each sample was defined 

according to the USDA texture triangle. Hundreds of specimens were prepared for each 

type (sand, silt, and clay). Reduction in soil texture analysis time was achieved using an 

automatic analysis system. The proposed model detected the texture with an accuracy of 

up to 99.5% [8]. 

• The application of portable X-ray fluorescence (PXRF) spectrometry and image analysis 

was explored to assess soil fertility, organic carbon (OC) availability, Mn, S, and sulfur 

availability index (SAI) in 1133 soil samples from diverse agroclimatic zones. Color and 

texture features from soil microscopic images, PXRF data, and soil auxiliary variables 

(AV) were combined using a random forest model [9]. 

• Image processing techniques were used to measure the strains generated in flexural tests 

of reinforced soil beams and to study the propagation of tensile cracks. Adding PET 

fibers improved the soil response by reducing cracking, increasing tensile strength, and 

providing ductile behaviour as cracking progressed [10]. 
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• The correlation between the "base color of the soil", the lighting conditions and the 

corresponding linear regression equation's intersection values is an indicator for 

predicting the soil components and their water content. This procedure, utilizing digital 

images from 312 samples [11]. 

• Micro-CT (High-resolution non-destructive) techniques and two- and three-dimensional 

image analysis procedures were applied to determine the water retention curve and other 

hydrological and agricultural functions of compacted and uncompacted sandy soils. 

These techniques were validated against physical measurements and empirical models. 

The findings highlight the impact of compaction on soil pore size distribution, water 

retention capacity and availability, and hydraulic conductivity. The effectiveness of soil 

characterization using three-dimensional analysis is highlighted [12]. 

• Four image segmentation methods named “maximum interclass variance (OUST)”, 

“local adaptive threshold segmentation (LATS)”, “K-means clustering segmentation 

(KMCS)”, and “natural break point segmentation (NBPS)” were used to process 62 soil 

images taken with smartphones in sunny and outdoor conditions. The results showed that 

the methods improved the accuracy in predicting three soil properties (Munsell color, 

organic matter content and texture) compared to non-segmented images [13]. 

• The morphometry of the crack pattern on a soil surface was studied using image 

processing techniques. Samples inoculated with cyanobacteria were evaluated. The 

results showed that cyanobacterization influences soil crack patterns [14]. 

The previous literature review identified no recent records regarding the analysis or processing 

of images in diatomaceous soils. These soils are of importance given their unusual responses and 

behaviors, which are far from conventional soil mechanics  [15][16][17][18][19] [20][21][22]. 

The state of the art regarding the variation of physical and mechanical properties of soil deposits 

with the presence of diatom fossils is poorly developed [23]. Conventional geotechnical methods 

are insufficient to complete SD characterization [24]. 

Diatomaceous soils (DS) are deposits formed mainly by fossilized remains (amorphous 

silica) sedimented in bodies of water after the death and organic decomposition of the 

diatom (algae) [25][26][27]. The frustules (siliceous support structure) can be found as 

whole or as opalized remains in matrices of clay, organic matter, siltstone, or quartz [28] 

[29]. 

Diatom frustules are natural micro- and nanostructured materials generated by 

biomineralization [30]. They have pores or areoles, various shapes (elongated, spherical, 

disk), and variable sizes between 10 and 200 µm [31]. These comprise amorphous silica 

nanospheres deposited in geometric [32]  and dimensional patterns depending on the 

species [30]. 

This research then contemplated the study of a diatomaceous soil of Colombian origin, whose 

particles (frustules) present a defined morphological characteristic (cylindrical). In this soil, 

laboratory tests typical of geotechnical engineering were carried out (unconfined compression, 

direct shear, oedometric compression), and simultaneously Scanning Electron Microscopy 

(SEM) images were obtained. Analysis techniques and filters (Binarization, Voronoi, LUT) were 

applied to these images. This research aims to determine whether, from the images and the results 
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of mechanical response, some correlation can be established that will later serve as a predictive 

tool for the behaviour of this type of soil. 

Binarization is a digital image processing technique [33], which aims to reduce to two unique 

tones or values (white: 255 and black: 0); that is, it generates an absence of color. Binarization is 

achieved by scanning each pixel that forms the image matrix  [34][35]. Each pixel is evaluated 

according to the "sensitivity threshold", a limit that assigns a pure white or black condition above 

what value is assigned [33]. Binarization optimizes image processing since it reduces the amount 

of data; each pixel is encoded as 0 or 1  [36]. 

Voronoi diagram, tessellation or partition is a technique that produces a geometric structure, 

which divides a space into certain regions, according to the distance to some points called "seeds" 

or "sites". Each region represents the closest area to a specific seed compared to any other seed 

in the set [37]. Thiessen polygons (Voronoi diagrams) are used to define and delineate regions 

close to individual points by using polygonal boundaries [38]. The Voronoi technique is applied 

in multiple areas, such as geography, computer-aided graphic design [37], meteorology, 

hydrology and in mining geology to estimate the volumes of exploratory wells, among others  

[38]. 

The technique of replacing an image (8, 16, 32 bit) in the simple grey channel with some pseudo 

color is known as LUT (Look Up Table) [39]. A LUT can be understood as a predefined 

association (transformation) between grey values with red, green and blue values; with this, the 

shades of grey can be visualized as colored pixels [40]. A digital image is composed of pixels, 

and each pixel contains a color. LUTs act as a filter or adjustment formula for the degree of color 

in each pixel. Look-up table transformations (LUTs) are basic image-processing functions that 

highlight details in areas that contain important information at the expense of other areas. LUTs 

apply mathematical formulas to existing colors to change them and achieve the desired result. 

They adjust gamma, contrast, saturation, luminance and hue, essentially taking the original set of 

colors and changing them to a new set of colors  [41] [42]. 

MATERIALS AND METHODS 

The diatomaceous soil analyzed in this research is of Colombian origin and is of the species 

Aulacoseira granulata II. See Figure 1. Three states of induced damage, called deterioration 

cycles (0, 2000 and 4000 DC), were considered for this soil. Likewise, the soil was evaluated 

under three conditions of gravimetric dosing (33, 66 and 100% DS%) supplemented with a matrix 

of Kaolin-type clay soil. The soils were prepared artificially under a pre-consolidation stress of 

100 kPa. 

 
Figure 1. Identification of the species Aulacoseira granulata II 
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Samples were taken from each of the soil mixtures for direct shear, unconfined compression and 

oedometric compression tests. The test conditions are summarized in Table 1. 
 

Test type Test feature 

Direct Shear 

Sample height cm  2.46 

Sample area  cm2 20.15 

Shear box type --- circular 

Normal Stress kg/cm2 "1 - 4" 

Beam ratio --- 10 

Unconfined 

Compression 

Sample diameter cm 5.98-6.07 

Sample height cm 11.90 - 12.81 

Strain velocity mm/min 1.20 - 2.56 

Moisture % 46.21 - 123.78 

Oedometric 

compression 

Specific gravity --- 2.29 - 2.61 

Beam ratio --- 10 

Wet density g/cm3 1.29 - 1.70 

Dry density g/cm3 0.58 - 1.14 

Sample volume cm3 39.27 
Table 1. Conditions for performing laboratory tests. 

Samples were taken and observed for each dosing and deterioration condition using a Scanning 

Electron Microscope (SEM). This equipment is a Carl Zeiss Evo HD 15, with a LaB6 (lanthanum 

hexaboride) emitter and Smart SEM software version 5.07. The sample metallizer is a Quorum 

Q150R ES reference. See Figure 2. The observed samples come from the unconfined 

compression specimens after their failure. 

The SEM study considered a range of zooms between 200X-6400X. The condition selected for 

the comparative analysis was 1600X. Once the images were defined, they were processed using 

ImageJ 1.53 software. In this system, the simple binarization, Voronoi and Red-Green filter 

techniques were applied. The scale was set for each image, and the treatment was done on 

duplicates. The particularities of each technique are explained as follows: 

• Simple binarization: (Process>Binary>Make Binary) 8-bit image. See Figure 3a. 

• Voronoi: (Process>Binary> Make Binary >No fill holes>Voronoi) 8-bit binarized 

image. “No fill holes” condition. For visualization purposes, the criteria for Brightness 

(40%), Contrast (-40%), Saturation (100%) and Temperature (1517) were adjusted. See 

Figure 3b. 

• Red-Green LUT: 8-bit image. Three numbering limits 100,125, and 150, were 

evaluated. Figure 3c. 



Zuluaga-Astudillo et al. 1745 

posthumanism.co.uk 

 

 

 
Figure 2. SEM record of diatomaceous soil according to study variables. 

 

 

Figure 3a. SEM image representation with application of simple Binarization technique. 
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Figure 3b. SEM image representation with the application of the VORONOI technique. 

 

 

Figure 3c. SEM image representation with “Red-Green LUT” application. 

Once the results of each technique for each dosage condition and deterioration level were 

obtained (figure 3a, 3b, 3c), quantification methods were proposed that could be compared with 

the laboratory results (Direct Shear, Unconfined Compression, Oedometric Compression) and 

formulations were projected that would allow relating the results of the processed SEM image 
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with the results of the laboratory test, that is, it was proposed that from a microscopy image the 

values of some parameters obtained in the physical tests could be determined. The conditions 

that showed more promising numerical compatibility between the processed SEM photograph 

and the physical laboratory tests are shown in table 2. 

 

Image Processing Method Physical parameter Laboratory test 

Binary Final void ratio Oedometric compression 

Binary Cohesion Direct shear 

Green-Red LUT _ pixel limit 100 Failure strain Unconfined Compression 

Voronoi _ “No fill Holes” 

condition 

Cohesion Direct shear 

Table 2. Methods and related physical parameters 

Results and Discussion 

First, the consolidated results of the geotechnical assessment for the soil are presented based on 

the study variables, diatomaceous soil content (DS%), and deterioration cycles (DC). See Figure 

4. Next, Figure 5 presents some trends between the results of the different tests, identifying 

proportional behaviors described almost by a linear condition. 

The friction angle varies between 23 (DS 100% - 0 DC) and 37 (DS 33% - 4000 DC). The 

maximum value (37) is typical of granular soils (sands or gravel) and not so much of fine soils 

(silts), such as diatomaceous soils. This peak value is striking since the concentration of fossils 

was only 33%, but the number of deterioration cycles was the highest (4000); that is, fracturing 

the frustules had the greatest impact and not so much their concentration in the soil mixture. 

The void ratio increases with the higher fossil content (a situation expected due to micro and 

nano pores). The greater the number of deterioration cycles, the lower the voids are due to the 

breakdown of the microstructures (collapse of the cylindrical shape of the fossil). The highest 

void ratio value (3.14) is associated with a sample with 100% DS and no deterioration cycles. 

On the other hand, the lowest void ratio (1.32) is associated with the sample with the highest fine 

matrix content and the highest level of fossil deterioration. This behavior was expected. Even the 

lowest value (1.32) is extensive compared to typical void ratio records in other fine soils. 
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Figure 4. Consolidated record of laboratory test results. 



Zuluaga-Astudillo et al. 1749 

posthumanism.co.uk 

 

 

The wet unit weight decreases with the highest fossil content and with the lowest number of 

deterioration cycles (lower soil densification due to the cylindrical structure). The lowest value 

(1.27 g/cm3) is associated with a concentration of 100% DS and no deterioration cycles. The 

highest value (1.63 g/cm3) is related to the highest number of cycles (4000 DC) and lowest 

concentration (33% DS). 

An increase in failure strain is observed as the sample becomes denser (lower void ratio and 

higher unit weight); a denser sample is expected to support a higher load level before reaching 

its failure point. A lower deformation at failure is recognized with a lower fossil content and 

fewer deterioration cycles. 

Similar to conventional soil, an increase in the friction angle is observed with the decrease in the 

void ratio and with the increase in unit weight. On the other hand, a higher peak strain 

(unconfined compression failure criterion) is observed when the sample is densified, represented 

by a lower void ratio and a higher wet unit weight. 

In all cases, it is observed that the effects of the relationship between parameters become more 

intense as the number of deterioration cycles increases. Conversely, and for any level of 

deterioration (0, 2000 or 4000 cycles), it is observed that the effects increase with the decrease 

in the concentration of diatomaceous soils. See figure 5. 

 
Figure 5. Relationship of multi-test criteria in diatomaceous soil. 

Figure 6 presents the results of the physical test of final void ratio, cohesion (kg/cm2), and strain 

at failure (%) (Column A) and those calculated from image analysis (Column B), both based on 

the study variables (deterioration cycles and frustule concentration). The numerical closeness in 

orders of magnitude and the similarity of behavior of the parameters evaluated based on the study 

variables are denoted. 
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Figure 6. Relationship of results obtained between laboratory tests and image processing. 
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Table 3 presents the formulations through which the study's physical parameters were obtained, 

based on the results of each processing technique, level of deterioration, and concentration of 

frustules. 

 

Image Processing Method Physical parameter Symbol 

Binary Final Void Ratio e 

 

𝑒 =
100∗𝐷𝑆%

𝐵
+ (((2 × 10

−7
∗ 𝐷𝐶

2) − (7 × 10
−4

∗ 𝐷𝐶) − 0.4863) ∗ 𝐷𝑆%) + ((−7 × 10
−8

∗

𝐷𝐶
2) + (3 × 10

−4
∗ 𝐷𝐶) + 0.42) − (

3600∗𝐷𝐶

𝐷𝑆%
)  

(1). 

 

B= (∑ pixels Value / 255) / Image Area in pixels. 

DS%: Diatomaceous Soil Content. 

DC: Deterioration Cycles.  

      

Image Processing Method Physical parameter Symbol 

Binary Cohesion C 
 

𝐶 =
𝐵

100
∗ (2 × 10

−4
∗ ((0.1 + 𝐷𝐶) ∗ 𝐷𝑆%) + 0.02)) + ((0.08 ∗ 1

𝐷𝐶) ∗ 𝐷𝑆%) (2). 

      

Image Processing Method Physical parameter Symbol 

Green-Red LUT pixel limit 100 Failure Strain Df 
 

𝐷𝑓 =
𝐺𝑅

2.55
− ((3 × 10

−6
∗ 𝐷𝐶

2) − (0.0102 ∗ 𝐷𝐶) + 13.003) ∗ 𝐷𝑆%) + ((−2 × 10
−6

∗ 𝐷𝐶
2
)

+ (0.0058 ∗ 𝐷𝐶) − 5.65) (3). 
 

GR= ∑ pixel values limited to 100 / Image Area in pixels. 

      

Image Processing Method Physical parameter Symbol 

Voronoi condition “No fill 

Holes” 
Cohesion 

C 
 

𝐶 =
100000∗𝐷𝑆%

𝑉𝑂𝑅
∗ (0.0001 ∗ 𝐷𝐶 + 0.66)  (4). 

 

VOR= ∑ pixels values Voronoi filter. 
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