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1 INTRODUCTION 

  Wettability is a fundamental surface property 
quantifying the affinity of surfaces (e.g. soil particles) 
to liquids (e.g. water) via the contact angle (CA) of 
the wet side of a liquid drop resting on a surface. 
Suction, which controls unsaturated soil behavior, 
will be the highest for low CAs (wettable soils) and 
the lowest for high CAs (water-repellent soils), with 
the 90 degree CA representing a threshold at which 
the mechanical behavior of the soil is expected to 
change. Also, water repellency can be induced in the 
laboratory by coating the soil particles with organic 
substances (ranging from natural waxes to decom-
posed organic matter similar to those that cause nat-
ural soil water repellency), silane coatings among 
other substances. By adjusting the magnitude of the 
CAs, synthetic water-repellent soils could be de-
ployed as semi-permeable or impermeable barriers 
and fill materials (Lourenço et al., 2017).  
Techniques to image granular materials include x-ray 
computed tomography (x-ray CT) for the internal ar-
rangement of samples and imaging techniques for the 
surfaces: optical and scanning electron microscopy 
and, interferometry. Some of these techniques, such 
as x-ray CT and interferometry allow volume quanti-
fication and surface roughness, respectively. Howev-
er, optical and scanning electron microscopy pro-
vides qualitative information. 

Environmental Scanning Electron Microscopy 
(ESEM) allows the observation of the wetting in 
soils and other granular materials (Lourenço et al, 
2012). However, the information to be extracted is 
mostly qualitative due to the difficulty in generating a 
scaled 3D image of the particles and water drops. 
Differences in the wetting patterns in wettable parti-
cles and water repellent particles by ESEM have 
been documented (Lourenço et al., 2017). However, 
the analysis of the images is relative and reflects 
mostly the shape of the water drops, spherical-cap 
shapes in water repellent surfaces and lateral spread-
ing and continuous films of water in wettable surfac-
es. In this paper, a method is proposed to quantify 
wetting and the wetting evolution in granular materi-
als obtained by ESEM using a free software (Im-
ageJ). The specific objectives of this paper are to (1) 
devise a method to quantify wetting of particles and, 
(2) determine its precision and limitations. The pro-
posed method could also be used together with other 
methods, based on the CA measurement (e.g. sessile 
drop method), to assess the wettability of granular 
materials.   
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2 MATERIALS AND METHODS 

2.1 ImageJ 

ImageJ is adopted to quantify wetting in particles. 
ImageJ is a Java-based image-processing program 
that can be run on Windows, Mac OS X and Linux. 
The source code of ImageJ is freely available (Im-
ageJ, 2017). It contains several functions for image 
processing and analysis in various fields, from biolo-
gy to materials. For example, to conduct quantitative 
evaluations of pulsed-field gel electrophoresis (Cinis-
elli et al., 2015), analysis of Ca2+ sparks in x-y image 
stacks (Steele et al., 2014) and to determine the soil 
pore distribution (Passoni et al., 2014).  

2.2 Water ratio 

Water ratio is used to quantify wetting. Water ratio is 
defined as the ratio of the total area of water by the 
total area of the particles in an image. A water ratio 
of 100% implies a surface completely covered by a 
film of water. Figure 1a shows a coarse sand (SC7) 
with water films obtained by ESEM. The image 
shows four sand particles resting on a flat substrate. 
Figure 1b shows SC7 with the total area of water de-
lineated. Figure 1c shows SC7 with the total area of 
the particles annotated. The water ratio of SC7 is the 
total delineated area in Figure 1b by the annotated 
area in Figure 1c. Note that condensation of liquid 
water occurs with time from Figure 1a to Figure 1c, 
despite a constant water vapour pressure at 6.6 torr.  

2.3 Procedure 

The procedure to quantify wetting by ImageJ in-
volves three stages:  
1. Identification of the total area of water and the to-

tal particle area in the images. 
2. Delineating the areas determined in stage one with 

ImageJ.  
3. Computation of the water ratio using both the area 

of water and the particle area obtained in stage 
two. 

In this paper, the water ratio of three types of parti-
cles was analyzed, namely coarse sand (Figure 2), ga-
lena (Figure 3) and dune sand (Figure 4). The three 
materials reflect different wettability’s, the coarse 
sand and dune sand are wettable and galena is water 
repellent. To ensure reproducibility, at least three 
sets of trials were performed for each material. 
In each trial, an ESEM image was analyzed by Im-
ageJ. At first, both the total area of water and the to-
tal particle area in the image were identified visually. 

Then, the identified areas were delineated by the se-
lection tools. ImageJ contains both automatic and 
manual selection tools. The automatic selection tool 
is time-saving but is only effective for images with a 
sharp contrast. The manual selection tool is time-
consuming but is effective regardless of the contrast. 
The marked areas were saved by the function “ROI 
manager” and were determined by the function 
“Measure”. Finally, the water ratio was computed by 
the total area of water to the total area of dry particle 
surface. 
(a) 

 
(b) 

 
(c) 

 
Figure 1. Illustration of the water ratio of an ESEM image 
with particles. (a) ESEM image of a coarse sand (SC7). (b) 
Total area of water in SC7 delineated by a line. (c) Total area 
of sand surface in SC7 delineated by a line. 
 



3 RESULTS  

3.1 Coarse sand 

  Ten images are shown in Figure 2a and are ar-
ranged in increasing order of water content. The 
number of water drops as well as the total area of 
water increase from images SC1 to SC10 in a total of 
10 images. Multiple trials were performed to quantify 
the water ratios (3 trials, 8 trials and 20 trials). The 
results are shown in Table 1. Mean values of twenty 
trials are used to compute a curve showing the 
change of water ratio from image SC1 to image 
SC10 in Figure 2b. The effect of the number of trials 
will be discussed in section 4. The increasing rate of 
water ratio is steady throughout the ten images, with 
condensation initiating in for image SC2. The largest 
increasing rate is from images SC4 to SC5. Half of 
the grain area is covered by water in image SC8 cor-
responding to an approximate water ratio of 50%. 
Full coverage of the sand with water is not reached 
(image SC10).  

 
Table 1. Extracted water ratios from coarse sand.  
 3 trials 8 trials 20 trials 
Image SD Mean SD Mean SD Mean 
SC1 0.00 0.00 0.00 0.00 0.00 0.00 
SC2 0.04 0.20 0.03 0.19 0.03 0.22 
SC3 0.16 1.08 0.11 1.08 0.09 1.13 
SC4 0.23 3.67 0.18 3.64 0.19 3.72 
SC5 0.45 15.16 0.35 15.12 0.48 15.41 
SC6 0.20 22.70 0.46 22.91 0.48 22.72 
SC7 0.45 39.74 0.68 40.21 0.70 40.16 
SC8 0.17 50.93 0.76 50.85 0.73 50.72 
SC9 0.51 54.98 0.89 54.54 0.63 54.64 
SC10 0.30 57.58 0.69 58.26 0.64 58.35 
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Figure 2. Quantification of the water ratio for a coarse sand by 
ImageJ. (a) Ten images of coarse sand (SC1 - SC10). (b) Wa-
ter ratio computation (SC1-SC10).  
 



3.2 Galena 

  Four images of Galena are shown in Figure 3a. 
Galena is a water repellent mineral which is manifest-
ed by the discrete water drops forming on the surface 
of the particles. The images are arranged in an in-
creasing order of water content from image 
Gal25010 to Gal25013. Three trials were performed 
to quantify the water ratios. The results are shown in 
Table 2. Mean values were used to compute a curve 
showing the change of water ratio from image 
Gal25010 to Gal 25013 in Figure 3b. The increasing 
rate of water ratio is steady with spreading and coa-
lescence of the water drops. Half of the area of gale-
na is covered up by water from image Gal25012 (wa-
ter ratio of 50%).    
 
Table 2. Extracted water ratios from galena.  
Image Trial 1 Trial 2 Trial 3 Mean SD 

Gal25010 15.44 16.00 17.01 16.14 0.65 
Gal25011 34.46 35.17 36.64 35.41 0.91 
Gal25012 48.54 50.47 48.48 49.16 0.92 
Gal25013 51.98 51.19 50.87 51.34 0.47 
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Figure 3. Quantification of the water ratio for galena by Im-
ageJ. (a) Four images of galena (Gal25010 – Gal25013). (b) 
Water ratio computation (Gal25010 -Gal25013).  

3.3 Dune sand 

Three images are shown in Figure 5a for a dune sand 
and are arranged in an increasing order of water con-
tent. Image Duneb121 shows the dry dune sand with 
no water while for images Duneb122 and Duneb123 
continuous water films develop across the surface. 
Three trials were performed to quantify the water ra-
tios (Table 3). The results are shown in Figure 4b. 
An increase of water ratio from dry in image 
Duneb121 to over 100% in image Duneb122 is 
shown. The results show a striking difference with 
the materials in Figure 3 and Figure 2, with conden-
sation being dominated by spreading rather than the 
formation of discrete drops with a spherical shape, 
suggesting a more wettable nature of the dune sand 
comparatively to the coarse sand and galena. 

Table 3. Extracted water ratios from dune sand.  
Image Trial 1 Trial 2 Trial 3 Mean SD 

Duneb121 0.00 0.00 0.00 0.00 0.00 
Duneb122 97.88 99.19 99.79 98.95 0.79 
Duneb123 99.02 101.15 100.32 100.16 0.88 
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Figure 4. Quantification of the water ratio for dune sand by 
ImageJ. (a) Three images of dune sand (Duneb121 – 
Duneb123). (b) Water ratio computation (Duneb121 – 
Duneb123).  



4 LIMITATIONS 

4.1 Precision 

To evaluate the precision of ImageJ in quantifying 
wetting in images, the standard deviation (SD) and 
mean of water ratios computed by ImageJ under sev-
eral trials were determined. Ten images of coarse 
sand in Figure 2a were analyzed (SC1 to SC10). The 
results are summarized in Table 1. The SD range of 
the water ratios for all images is all less than one im-
plying that the values computed by ImageJ are pre-
cise and reliable. In addition, comparing the results 
for the various trials in Table 1 (3, 8 and 20 trails), 
the mean values of the computed water ratios is simi-
lar. Similar findings were also found for galena (Ta-
ble 2) and dune sand (Table 3). Therefore, a mini-
mum of three trials is sufficient to obtain precise 
water ratios.   

It is possible that the quantification contains bias. 
For example, Figure 5 shows examples of unclear 
images where the liquid water cannot be distin-
guished from the solid surfaces. It is possible that 
part of this uncertainty arises from the small scales of 
observation in Figure 5a and Figure 5b (bar = 5 m). 

The validation or calibration of this method also 
presents a challenge since the true water ratio cannot 
be determined directly or via other methods. There-
fore, since there is no true value for comparison, the 
accuracy of the measured areas cannot be estab-
lished.  

4.2 3D images 

  ImageJ is unable to analyze 3D images. It is possi-
ble that two images for particles have the same water 
ratio in a 2D space but different water ratio in 3D 
space. ImageJ cannot measure the volume of water 
drops or the thickness of the water films directly. 
However, it may still be possible to analyze 3D im-
ages by ImageJ indirectly through a method of con-
vergence. Multiples images at various dimensions are 
needed to show the 3D images of the particles at var-
ious dimensions (i.e. X-Y plane, Y-Z plane and X-Z 
plane). A 3D image is then analyzed through the 
combination of images at the each converged 2D 
planes. 
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Figure 5. Examples of unclear images where the solid surface 
cannot be distinguished from liquid water; (a) crushed quartz 
surface, (b) kaolin aggregate surface.  

5 CONCLUSIONS 

This paper has proposed a method to quantify 
wetting in granular materials by using the software 
ImageJ, of which the water ratios of several granular 
materials were determined. This method is simple to 
operate, time-saving, precise and free to use in vari-
ous operating systems. A minimum of three trials in 
each quantification is suggested to compute precise 
values within a reasonable amount of time. The abil-
ity to obtain the water ratios is highly dependent on 
the quality of the images. Moreover, the accuracy of 
the method is unknown since there is not true value 
for comparison and improvements are needed to ana-
lyze 3D images.   
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