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Abstract: Soil physical properties are used for soil classification and hence serve as the first estimator of almost 

every mechanical and hydrologic soil behavior, but the usual laboratory testing method of estimating these 

physical properties is time consuming, burdensome, and somehow subjective, hence posing a challenge to 

geotechnical engineers and soil lab technicians. To minimize these shortfalls to an acceptable level and make the 

determination of soil physical properties more objective, this study utilized digital image processing and analysis 

(DIP&A) approach to establish relationships between the physical properties of soil (water content, density-wet 

bulk and dry, porosity, and void ratio) and the image feature of its fragmented aggregates identified as shape 

factors and recognized as aspect ratio and roundness in the study. Shape factors are used to describe the overall 

geometric characteristics of a particle. In this study, samples of soil were collected and laboratory test performed 

as per the American Society of Testing and Materials (ASTM) Standards to determine the physical properties and 

the same samples fragmented into appropriate sizes and their images acquired for image processing and analysis 

to determine the image feature. The physical properties of soil were statistically correlated and regressed against 

the image feature using appropriate regression model with the correlation coefficient (r) as the basis of the 

correlation. The r value varies from 0.5 to 0.6.  The outputs of the regression analysis were curvilinear models that 

represent the relationship between soil physical properties and shape factors. The results of the digital image 

analysis were verified by conducting laboratory test and image analysis of soil sample collected from different site 

other than the one previously used to develop the relation models and the new values of the validated sample 

replaced in the developed models, resulting in a reasonable average percent error that varies from 1.05% to 3.57% 

between conventional laboratory testing and the proposed new method-DIP&A. The results indicate that DIP&A 

method proposed in the study appears to be a useful and promising method for estimating the physical properties 

of soil and was also shown to be a valuable tool for quantifying the geometric properties of soil aggregates.  

Keywords: Soil, physical properties, fragmentation, digital image processing, shape factors. 

I.   INTRODUCTION 

Soil is an important aspect of nature that plays a dominant role to the growth and development of mankind. It is 

commonly defined as the surface of the earth that is not rock, air, or water. The precise definitions of soil may vary in 

various areas of specialization in terms of interest and need. Remarkably, it is primarily associated with agricultural or 

engineering purposes and this can be seen in its definitions, classification systems, and research. [1] defined the 

agricultural definition of soil as “a dynamic natural body on the surface of the earth in which plants grow, composed of 
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mineral and organic materials and living forms”. For engineering purposes, [2] defined soil as the un-cemented aggregate 

of mineral grains and decayed organic matter (solid particles) with liquid and gas in the empty spaces between the solid 

particles. It is used as a construction material in various civil engineering projects, and it supports structural foundations. 

Thus, it is very important and necessary to study the properties of soil such as its origin, grain-size distribution, water 

content, density, porosity, void ratio, hydraulic conductivity, compressibility, shear strength, load-bearing capacity and 

water-soil interaction. Determining these physical properties to estimate the strength of soil is one of the primary goals of 

geotechnical engineering. Nevertheless, geotechnical engineering is based mostly on empirical relations. The physical 

properties of soil are used for soil classification and hence serve as the first estimator of almost every mechanical and 

hydrologic soil behavior. The most widely used method for determining these properties is through laboratory 

experiments. Despite the fact that these standard test methods are physically burdensome, expensive, dusty, and somehow 

noisy, geotechnical engineers and soil laboratory technicians are still glued to the traditional and prevalent laboratory 

method of obtaining these properties. The data obtained from these various laboratory tests are highly subjective, which 

further complicates the existing variability in soil conditions over space and time [3]. 

DIP&A techniques have been extensively utilized in many disciplines of science and engineering. Medical Science uses it 

for tumor detection, DNA typing. In Criminology, it is used for fingerprint matching. Many Departments of Defense and 

Intelligence worldwide utilized DIP&A for target acquisition and guidance [3], [4], [5]. Upon studying the use of DIP&A 

techniques in various fields, it can be reasoned that there are applications in geotechnical engineering as well [6]. Recent 

geotechnical and engineering geology literature is abundant on the applications of digital image-based analysis in areas 

such as site characterization [7], mass characterization [8], particle characterization [9], motion and deformation [10]. 

Moreover, many studies have outlined the impact of particle shape or shape factors on the technical properties of soil 

material and boundless aggregates [11]. Some properties affected by particle shape are e.g. internal friction angle, 

porosity, void ratio, hydraulic conductivity, and permeability [12], [13]. A great deal of studies have been conducted 

utilizing the use of DIP&A to correlate soil physical properties to its image features, but however there is no 

comprehensive study that has established relationships between the shape factors of fragmented soil aggregates and the 

water content, wet bulk density, dry density, porosity and void ratio. Up to present, there has been little or no attempt to 

adopt a method to estimate the physical properties of soil using DIP&A. Consequently, this study was undertaken to 

establish relationships between soil physical properties and the shape factors of its fragmented aggregates adopting 

DIP&A approach.  

II.   MATERIALS AND METHODS 

The steps adopted in this research to estimate the physical properties of soil through DIP&A are presented as followed. 

Fig. 1 illustrates the flow chart of the methodology of the study.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1: Flow chart of the study methodology 
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2.1 Collection of Soil Samples: 

Samples of soil were collected from pits spaced 60cm apart at a depth of 20cm from a site (45º45’16.16”N, 

126º40’33.35”E) about 500m from the School of Civil Engineering, Harbin Institute of Technology, Harbin, P.R. China. 

The core method and the standard procedures of extracting samples from the ground as designated in [14] were adopted. It 

should be pointed out that all of the drive cylinders used for the collection of the soil samples had the same dimensions as 

stated herein and met the area ratio of 10.25% requirement as set forth by [15] for drive samplers (should not exceed 10% 

to 15%) as defined by Equation 1. To avoid samples disturbance, the samples were wrapped with aluminum foil placed in 

ziplock bags and taken to the Geotechnical Laboratory of the above mentioned institution for testing and image 

acquisition.  

2 2

2

De Di
Ar

Di



 
 
 

                                                                                                                                                                  

(1) 

Where: 

 Ar = area ratio, % 

 De = maximum external diameter of the drive sampler, 6.3cm 

 Di = minimum internal diameter of the drive sampler at the cutting edge, 6cm 

2.2 Experimental Procedures: 

The experimental procedure followed is as per the ASTM standard laboratory procedures for the determination of density 

[14], [16], water content [17]. From the test, the wet bulk density (ρd) and water content (ω) were determined. The dry 

density, porosity, and void ratio were not measured directly but were determined from the relationships as shown in 

equations 2, 3, and 4 respectively.  

   
 1

b
d








                                                                                                                                                                                  

(2) 

Where: 

d
 = dry density, g/cm

3
 

1 b

s





 
 
 
 

                                                                                                                                                                                  

(3) 

Where: 

η = porosity of each soil samples 

s
 = particle density, assuming to be 2.65 g/cm
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Where: 

Va = volume of void (air) in a soil sample, cm
3
 

Vs = volume of solid in a soil sample, cm
3
 

V = total volume of soil in a soil sample, cm
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2.3 Image Acquisition: 

The process of digital image processing and analysis starts with the capturing of a digital image (usually referred to as 

imaging) followed by its storage, transmission, processing, and analysis of the image by a computer to extract information 

or features of interest [18]. It is important to note that the selection of an appropriate image procedure is a compromise of 

price, equipment availability and limitations, sample preparation, and image processing requirements to obtain acceptable 

results. The fact that a soil’s tendency to aggregate is increasing with decreased particle size and increased water content, 

makes it important to get the soil dry before performance of the image processing and analysis [19]. Natural soils are 

mixtures of solid grains and aggregates. A soil aggregate is “a group of primary soil particles that cohere to each other 

more strongly than to other surrounding particles". Soil aggregates are formed through the combined action of 

aggregation and fragmentation processes. The breaking of soil aggregates into smaller pieces or fragments is called 

fragmentation and this process is usually found in nature occurring due to external stresses [20]. However, for the purpose 

of this study, each collected soil samples was manually fragmented into fifteen appropriate sizes (see Fig. 2d) and spread 

over twelve (12) different tables for acquiring of soil images. The camera (see Fig. 2a) used was EOS 450D, is a 12.2-

megapixel DSLR camera that is part of the Canon EOS line of cameras equipped with a macro lens with a focal length of 

55mm. The equipment used for image acquisition was arranged as shown in Fig. 2b. The equipment for taking pictures of 

soil were set up by mounting a camera on a photographic stand as shown in Fig. 2c. The camera was adjusted at a height 

of 25cm and each image taken vertically above the sample tray to obtain a satisfactorily large measurement area and 

adjusting the light sources so that no shading of any object be reflected on the sample tray. A white cotton cloth was 

placed on the beneath the fragmented soil particles to obtain a better contrast between the soil particles and the 

background pixels. The imaging of the soil samples were preferably done at night to reduce the noise content that may 

have an impact on the desire results. Four fluorescent light sources were positioned at the four edges of the tray as seen in 

Fig. 2b to make the soil particles more visible for digital measurement and the flash of the camera was not utilized in the 

entire process [21].  

 

 

 

 

 

 

 

 

 

(a)                                        (b)                                         (c)                                         (d) 

Fig. 2: (a) A pictorial of the used digital camera (b) A pictorial of the equipment setup (c) Schematic diagram of the image 

analysis systems [21] (d) Final output of the captured soil image for processing and analysis 

2.4 Image Processing and Analysis (DIP&A): 

Digital image processing and analysis is concerned with the transformation and analysis of pictures by a computer. 

Taking into consideration the guidelines on image manipulation presented by [22], three essential image processing steps 

were utilized: Image coding, Image processing, and Image analysis. The used image analysis program was ImageJ. In 

most studies that involve image processing, several commercial image processing programs (Adobe Photoshop, Image 

Pro, Matlab, etc.) are used for particle analysis but the licensing fees and computer hardware poses severe limitations. 

ImageJ is developed and written in Java by Wayne Rasband of the U.S. National Institute of Health and is freely available 

in the public domain. Fig. 3 illustrates the image processing and analysis work flow diagram used in this work.  
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Fig. 3: Workflow diagram of the image processing and analysis 

2.4.1 Image Coding: 

Image coding involves inputting an image into an image processing software for processing and analysis. 

2.4.1.1 Colour (RGB) Images: 

The output of the camera used was a 4272 × 2848 pixels RGB JPEG color images shown in Fig. 4a. For this, one type of 

lossy compression and one type of lossless compression were used. Considering the fact that JPEG format uses lossy 

compression that leads to severe artefacts that are not compatible with quantitative analyses and TIFF format is a lossless 

compression that is the only format that saves spatial and density calibration, the JPEG format images were used for 

storage (opened as JPEG) and the TIFF format images used for processing and analysis (save as a TIFF before converting 

to grayscale images).  

2.4.2 Image Processing: 

Image processing involves the conversion of 32-bit RGB color images to 8-bit grayscale images, manipulation of the 8-bit 

gray images to enhance (removal of noise and image artefacts) their quality and then converting the enhanced gray images 

to black and white (binary images) which are then subjected to mathematical morphology algorithms (erode, dilate, open, 

close, fill holes, outline) for analysis.   

2.4.2.1 Grayscale Images: 

32-bit TIFF color (RGB) images were converted to grayscale in ImageJ using the command; Image>Type>8-bit utilizing 

the formula: grey = (red + green + blue)/3 or grey = 0.299 × red + 0.587 × green + 0.114 × blue. The grayscale images 

shown in Fig. 4b were processed to correct image defects and for image enhancement. Steps involved in this stage of the 

process included brightness/contrast adjustment, filtering for noise removal, and finally thresholding.   

2.4.2.2 Binary Images: 

The final step is the conversion of grayscale image to binary (black and white) image and is called thresholding. This is a 

point transform process that is designed to select the pixels within a range of brightness values that belong to the 

foreground (black) and reject all of the other pixels in the background (white). It produces a binary image presented in 
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Fig. 4c from a grayscale image by setting pixel value values to 1 or 0 depending whether they are above or below the 

threshold value. Raw binary images can contain a substantial number of artifacts caused by fractured grains and foreign 

matter embedded within the soil matrix which appears as holes or chips within the soil particles. Those artefacts were 

manually corrected with a pointer and drawing tool suite available in ImageJ. The process of correction is tedious, prone 

to errors, and is not practical for larger images. Alternatively, another class of automated editing procedures based on 

neighborhood relationships from a field known as mathematical morphology [23] employed. In digital image processing, 

mathematical morphology is used as a means to identify and extract meaningful image descriptors based on properties of 

form or shape within the image. The key morphological operators utilized in this work are erode, dilate, open, close, and 

fill holes/region filling. It is worth noting that watershed segmentation command was not used in this work since the 

particles of fragmented soil aggregates were manually separated before the acquisition of the images.    

 

(a)                                                           (b)                                                           (c) 

Fig. 4: (a) 32-bit TIFF color (RGB) soil image (b) 8-bit grey soil image (c) 1-bit binary image of fragmented soil for analysis 

2.4.3 Image Analysis: 

Image analysis is the process that allows quantitative measurements to be made from an image in order to describe it 

numerically. The binary images were analyzed using the analyze menu in ImageJ. This menu contains commands related 

to statistical measurements on image data, profile and histogram plotting, and plugins related to image analysis. The first 

step in any image analysis technique is to calibrate the image in terms of physical measurement units (e.g. for this study, 

µm). This step ensures clear representation of physical measurement units in terms of pixels on an image.  The scale of 

the images was set to 5.2pixels/µm as per the specification of the used camera. The scale can also be set by referencing 

the resolution of the image. For instance, the acquired images had a resolution of 72 dpi, which can be used to set to scale 

to 72pixels/inch and acquired the same result. Measurements performed on the binary images generated information about 

the fragmented soil aggregates’ area, perimeter, and shape factors (aspect ratio and roundness). In this study, the average 

shape factors of each soil sample were used in the analysis as shown in TABLE IV. Table I shows the results of the shape 

factors of the validated soil sample and this process is applied to the rest of the samples used in the study.  

2.5 Shape Factors: 

In this study, the word shape is used to describe the soil fragmented aggregates overall geometry. To define the particle 

form (morphology), in order to classify and compare grains, many measures have been taken into consideration (axis 

lengths, perimeter, surface area, volume, etc.). The shape factors used in this study are described below. 

2.5.1 Aspect Ratio: 

The aspect ratio (AR) of a particle is the ratio of the particle’s major axis to its minor axis and is defined by Equation 5 

and shown in Fig. 5: 

Major Axis

Minor Axis
AR     (ImageJ)                                                                                                                                                           

(5) 

2.5.2 Roundness: 

Roundness (Ro) refers to the sharpness of the corners and the edges of a particle. More commonly, the roundness is 

calculated using Equation 6. Roundness varies between 0.1 and 0.9. A value greater than 0.6 indicates high roundness, 

between 0.4 and 0.6 indicates medium roundness, and less than 0.4, low roundness [24];  
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Fig. 5: Schematic of shape factors [19]; Ap = Area of particle, Pp = Perimeter of particle 

TABLE I: RESULTS OF THE SHAPE FACTORS OF THE VALIDATED SAMPLE 

Soil Particle    No. Area, µm
2
 Perimeter, µm Major Axis Minor Axis Aspect Ratio Roundness 

1 4793.08 311.27 95.44 63.94 1.49 0.67 

2 4219.90 269.43 84.51 63.58 1.33 0.75 

3 2599.00 217.72 76.92 43.02 1.79 0.56 

4 4611.35 277.37 85.72 68.44 1.25 0.80 

5 3031.84 233.11 75.21 51.32 1.47 0.68 

6 5940.16 326.04 100.83 75.01 1.34 0.74 

7 4324.59 272.68 78.17 70.44 1.11 0.90 

8 4213.98 271.16 91.43 58.68 1.56 0.64 

9 4312.80 280.76 93.49 58.73 1.59 0.63 

10 3980.84 270.67 84.86 59.73 1.42 0.70 

11 5285.13 298.66 94.08 71.53 1.32 0.76 

12 5272.74 298.56 91.59 73.30 1.25 0.80 

13 3188.94 258.96 63.81 63.63 1.00 1.00 

14 2956.62 228.07 69.59 54.09 1.29 0.78 

15 4355.36 285.56 94.92 58.42 1.62 0.62 

        Average 1.39 0.74 

III.   RESULTS AND DISCUSSION 

3.1 Experimental Results: 

TABLE II shows the results of the laboratory experiments.as per the ASTM standards. From these results as shown in 

TABLE III, the minimum and maximum values of porosity and void ratio were 0.20 and 0.33; 0.25 and 0.49 respectively 

which indicate that the type of soil used for the experiment was clayey sand and under the United Soil Classification 

System, it is denoted as SC [25]. 

TABLE II: EXPERIMENTAL RESULTS OF SOIL SAMPLES TESTING 

Samples Water Content,  % Wet Bulk Density, g/cm
3
 Dry Density, g/cm

3
 Porosity Void Ratio 

S-1 13.88 1.92 1.69 0.27 0.38 

S-2 12.97 1.80 1.59 0.32 0.47 

S-3 13.72 1.85 1.63 0.30 0.43 

S-4 12.95 1.89 1.67 0.29 0.40 

S-5 14.11 1.95 1.71 0.26 0.36 

S-6 17.30 1.81 1.54 0.32 0.46 

S-7 11.24 1.77 1.59 0.33 0.49 

S-8 14.95 1.83 1.59 0.31 0.45 

S-9 15.43 2.13 1.85 0.20 0.25 

S-10 15.52 2.09 1.81 0.21 0.27 

S-11 17.30 2.13 1.82 0.20 0.25 

S-12 15.97 2.01 1.73 0.24 0.32 
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Fig. 6: Variation of water content of the tested soil samples 

Fig. 6 reveals that all the studied soil samples have water content greater than 12% except sample S-7. Comparing 

dispersion among different soil properties, it is convenient and appropriate to express variance free from units of 

measurements. Coefficient of variation (CV) which is the ratio of standard deviation (Std. Dev.) to the mean is useful and 

meaningful index to compare the variability. From TABLE III, the CV of some properties of the soil samples were all 

below 10%. It is generally believed that the CV below 10% represents a weak variability [26], therefore the wet bulk 

density and dry density of the soil samples have very weak variability, while that of water content, porosity and void ratio 

exhibit strong variability.  

TABLE III: DESCRIPTIVE STATISTICS OF SOME PROPERTIES OF THE STUDIED SOIL 

Soil Properties Min Max Mean Std. Dev. CV ,% 95% CI 

Water Content ,% 11.24 17.30 14.61 1.82 12.46 14.61±1.03 

Wet Bulk Density, g/cm
3
 1.77 2.13 1.93 0.13 6.74 1.93±0.07 

Dry Density, g/cm
3
 1.54 1.85 1.69 0.10 5.92 1.69±0.06 

Porosity 0.20 0.33 0.27 0.05 18.52 0.27±0.03 

Void Ratio 0.25 0.49 0.38 0.09 23.68 0.38±0.05 

3.2 Results of DIP&A: 

The purpose of the DIP&A is to determine the shape factors (aspect ratio and roundness) of the fragmented soil 

aggregates.  

3.2.1 Shape Factors 

The mean value of each soil sample shape factors was accepted as the final result for the soil particle shape factors as 

displayed in TABLE IV. Using a 2D image analysis setup consisting of only a top camera and capturing an image of each 

fragmented soil sample would not be effective in distinguishing the 3D shapes of the soil solids. In this study, only the top 

view of the fragmented soil aggregates was obtained and the front view (thickest portion) was not acquired which may 

influence the results of the shape factors. 

TABLE IV:  RESULTS OF SHAPE FACTORS OF THE STUDIED SOIL 

 
Average Shape Factors 

Samples Aspect Ratio Roundness 

S-1 1.26 0.80 

S-2 1.37 0.75 

S-3 1.41 0.72 

S-4 1.35 0.76 

S-5 1.42 0.73 

S-6 1.23 0.83 

S-7 1.42 0.73 

S-8 1.34 0 .77 

S-9 1.36 0.75 

S-10 1.36 0.75 

S-11 1.35 0.76 

S-12 1.30 0.79 
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It can be stated that the studied fragmented soil samples used have high roundness [40] as demonstrated in Fig. 7b.    

 

                   

 

 

 

 

 

 

                                             (a)                                                                                              (b) 

Fig.7: Soil samples shape factors histogram 

TABLE V:  SOME STATISTICAL PROPERTIES OF THE STUDIED SOIL SHAPE FACTORS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

As shown in TABLE V, the CV of the values of aspect ratio and roundness ranges from 10.32% - 23.94% and 10.00% - 

19.18% respectively suggesting the variability of these values were strong. 

3.3 Relationships between Physical Properties and Shape Factors: 

Taking into consideration one of the primary objective of this work, which is to use DIP&A to estimate or predict the 

physical properties of soil, the shape factors were used as the independent or predictor variable and plotted on the abscissa 

(x-axis) while the laboratory results used as the dependent or outcome variable and plotted on the ordinate (y-axis). The 

results obtained from the laboratory tests (TABLE II) were statistically correlated and regressed against the shape factors 

obtained (TABLE IV). The concept of correlation was used to calculate the correlation coefficient (r), which is the 

objective measure and premise of the correlation and the regression analysis performed using OriginPro 8 and SPSS 

software. The output of this regression analysis were relation models that defines the best fit line that represent the 

relationships between  

  
Shape Factors 

Sample Statistical Properties Aspect Ratio Roundness 

S-1 Std. Dev. 0.13 0.08 

 

CV, % 10.32 10.00 

S-2 Std. Dev. 0.23 0.13 

 

CV, % 16.79 17.33 

S-3 Std. Dev. 0.20 0.10 

 

CV, % 14.18 13.89 

S-4 Std. Dev. 0.21 0.10 

 

CV, % 15.56 13.16 

S-5 Std. Dev. 0.32 0.13 

 

CV, % 22.54 17.81 

S-6 Std. Dev. 0.16 0.10 

 

CV, % 13.01 12.05 

S-7 Std. Dev. 0.34 0.14 

 

CV, % 23.94 19.18 

S-8 Std. Dev. 0.28 0.13 

 

CV, % 20.90 16.88 

S-9 Std. Dev. 0.20 0.11 

 

CV, % 14.71 14.67 

S-10 Std. Dev. 0.22 0.11 

 

CV, % 16.18 14.67 

S-11 Std. Dev. 0.20 0.11 

 

CV, % 14.81 14.47 

S-12 Std. Dev. 0.23 0.12 

 

CV, % 17.69 15.19 
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physical properties and shape factors of soil as shown in Figs. 8 to 12 and presented in TABLE V 

(a)                                                                                          (b) 

Fig. 8: Relationship between water content and (a) aspect ratio (b) roundness 

(a)                                                                                         (b) 

Fig. 9: Relationship between wet bulk density and (a) aspect ratio (b) roundness 

 

 

 

 

 

 

 

                                    

 

 

(a)                                                                                         (b) 

Fig. 10: Relationship between dry density and (a) aspect ratio (b) roundness 
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(a)                                                                                                                        (b) 

Fig. 11: Relationship between porosity and (a) aspect ratio (b) roundness 

 

  

(a)                                                                                                                   (b) 

Fig. 12: Relationship between void ratio and (a) aspect ratio (b) roundness 

TABLE VI: THE RELATION MODELS OF PHYSICAL PROPERTIES AND SHAPE FACTORS 

The correlation coefficients (r) ranges from 0.5 to 0.6, indicating that there were relatively strong correlation between 

physical properties and shape factors of soil and there exist a nonlinear relationship between the variables. The results of 

the regression analysis further suggest some quadratic polynomial equations that represent the relationship between soil 

physical properties and its shape factors. Likewise as illustrated in Fig. 13, there exist a very strong (r = 0.98) inverse 

y x Relation Model r 

Water Content, % 
AR y = -76.6x

2
 + 186.28x - 97.064 0.6 

Ro y = -110.23x
2
 + 203.32x - 76.185 0.6 

Wet Bulk Density, g/cm
3
 

AR y = -17.993x
2
 + 47.817x - 29.771 0.5 

Ro y = -59.53x
2
 + 91.791x - 33.393 0.5 

Dry Density, g/cm
3
 

AR y = -14.536x
2
 + 38.879x - 24.263 0.6 

Ro y = -49.831x
2
 + 76.344x - 27.51 0.5 

Porosity 
AR y = 6.5757x

2
 - 17.485x + 11.871 0.5 

Ro y = 22.079x
2
 - 34.025x + 13.358 0.5 

Void Ratio 
AR y = 12.1x

2
 - 32.151x + 21.692 0.5 

Ro y = 40.348x
2
 - 62.218x + 24.324 0.5 
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relationship between the roundness and aspect ratio such that as the roundness of the fragmented soil aggregates 

increases, the aspect ratio tend to decrease and vice versa, similarly a linear equation was obtained as the relationship 

between the roundness and aspect ratio as shown in the equation below: 

0.51643 1.45714Ro AR                                                                                                                                                           

(7) 

 

 

 

 

 

 

 

 

 

 

Fig. 13: Relationship between roundness and aspect ratio 

3.4 Validation of Results: 

To validate the results of the digital image analysis, a sample of soil was collected from a site located about 700m away 

from the first site used to develop the relation models. All the physical soil properties(y) (TABLE VII) and image 

capturing, processing, and analysis to determine the shape factors were determined in the same laboratory as outlined in 

sections 2.1 to 2.5 of this paper. The shape factors(x)-aspect ratio and circularity were found to be 1.39 and 0.74 

respectively as shown in TABLE VIII. Replacing these values in the developed relation models with respect to different 

soil physical properties resulted in a percentage of error ranging from 1.05% to 3.57% as presented in TABLE IX.  

TABLE VII: EXPERIMENTAL RESULTS OF VALIDATED SOIL SAMPLE 

Physical Properties Results 

Water Content, % 14.27 

Wet Bulk Density, g/cm
3
 1.91 

Dry Density, g/cm
3
 1.67 

Porosity 0.28 

Void Ratio 0.39 

TABLE VIII: DIP&A RESULTS – SHAPE FACTORS OF VALIDATED SOIL SAMPLE 

 

 

 

It should be noted that the values from the laboratory experiments for the validation were used as the true value and the 

results obtained from replacing the validated results in the relation models used as the observed value in calculating the 

percent error as presented in equation 8 below: 

100
T Ov vR

E Tv


                                                                                                                                                                          

(8) 

Where: 

Shape Factors Results 

Aspect Ratio 1.39 

Roundness 0.74 
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RE = Relative Error, % 

TV = True Value  

OV = Observed Value 

TABLE IX: PERCENT ERROR BETWEEN CONVENTIONAL LABORATORY TESTING AND DIP&A 

Physical Properties Shape Factors From Laboratory Test From Image Analysis Relative Error, % 

Water Content, % 

AR 

14.27 

13.87 2.80 

Ro 13.91 2.52 

 
Average 2.66 

Wet Bulk Density,  g/cm
3
 

AR 

1.91 

1.93 1.05 

Ro 1.93 1.05 

 
Average 1.05 

Dry Density, g/cm
3
 

AR 

1.67 

1.69 1.20 

Ro 1.70 1.80 

 
Average 1.50 

Porosity 

AR 

0.28 

0.27 3.57 

Ro 0.27 3.57 

 
Average 3.57 

Void Ratio 

AR 

0.39 

0.38 2.56 

Ro 0.38 2.56 

 

Average 2.56 

IV.   CONCLUSION 

Following an experimental and analytical approach on the research parameters, the following conclusions can be drawn 

based on the discussions presented herein; 

 There were relatively strong correlations (r ranges from 0.5 to 0.6) between soil physical properties and the shape 

factors of its fragmented aggregates.  

 The relationships between the physical properties of soil and shape factors were obtained by curvilinear models, 

suggesting that there are nonlinear relationships between soil physical properties and shape factors. There were 

quadratic polynomial relationships between soil physical properties and the shape factors of its fragmented aggregates.  

 There was a high correlation/relationship (r = 0.98) between the studied shape factors. An inverse linear relationship 

was found between the roundness and aspect ratio, such that as the roundness of fragmented soil aggregates increases, 

their aspect ratio tend to decrease and vice versa. 

 When the results were validated, the percentage of error between conventional laboratory test and DIP&A resulted in a 

reasonable percent error ranging from 1.05% to 3.57%. 

 The DIP&A method used in the study was shown to be a valuable tool for measuring the geometric properties of soil 

aggregates. 

The principal limitation of the study is the relatively small number of samples collected and tested, but the objective was 

to establish relationships between soil physical properties and its image feature as indicated in the study. Even though the 

study found some relationships between soil physical properties and shape factors, from the data collected, it was not 

possible to determine the effect of these shape factors on the physical properties of soil. Hence, further studies that 

incorporate more data are therefore necessary to determine the effects of shape factors on the physical properties of soil. 

Additionally, on the evidence of this study, it appears that DIP&A method proposed in this study should be used to 

estimate soil physical properties and the relationships found can be reference by geotechnical engineers to understand the 

preliminary behavior of clayey sand where the geotechnical data are not readily available instead of the conventional 

laboratory tests which are burdensome and time-consuming. However, it should be pointed out that further studies on the 

image analysis systems (a computer system to automatically capture the images of soil and both the top and front view of 

the soil particles be capture to improve the reliability of the results) are needed and the acquisition of soil images be done 

on site to make more useful and practical method of DIP&A. 
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