
 1 

Morphological transitions for pore water and pore air during drying and wetting processes 1 

in partially saturated sand 2 

Ryunosuke Kido1, Yosuke Higo2, Fukushi Takamura2, Ryoichi Morishita3, Ghonwa Khaddour4 3 

and Simon Salager4 4 

 5 

1 Department of Civil and Earth Resources Engineering, Kyoto University, Kyotodaigaku-Katsura, Nishikyo-ku, Kyoto 6 

615-8540, Japan. 7 

2 Department of Urban Management, Kyoto University, Kyotodaigaku-Katsura, Nishikyo-ku, Kyoto 615-8540, Japan. 8 

3 Japan Oil, Gas and Metals National Corporation, 1-2-2, Hamada, Mihama-ku, Chiba, 261-0025, Japan. 9 

4 Grenoble-INP, Université Grenoble Alpes, Laboratoire 3SR, F-38000 Grenoble, France 10 

 11 

Corresponding author: Yosuke Higo, higo.yohsuke.5z@kyoto-u.ac.jp, +81-75-383-3305 12 

 13 

14 

Revised Manuscript Click here to access/download;Manuscript;AGEO-D-18-00567-
revisedmanuscript_rev.docx

Click here to view linked References
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

mailto:higo.yohsuke.5z@kyoto-u.ac.jp
https://www.editorialmanager.com/ageo/download.aspx?id=97484&guid=b05438d0-4c3c-46e5-9087-d44cf8240218&scheme=1
https://www.editorialmanager.com/ageo/download.aspx?id=97484&guid=b05438d0-4c3c-46e5-9087-d44cf8240218&scheme=1
https://www.editorialmanager.com/ageo/viewRCResults.aspx?pdf=1&docID=5344&rev=2&fileID=97484&msid=0b1488dd-6767-4743-8eb5-b505a9d1a132


 2 

Abstract 15 

Water retention characteristics are important for modeling the mechanical and hydraulic behavior of partially 16 

saturated sand. It is well known that the soil water characteristic curve shows hysteresis during drying and wetting 17 

processes. For a better understanding of the water retention characteristics of partially saturated soil, a microscopic 18 

investigation of the morphological transitions for the pore water phase and the pore air phase, such as volume 19 

distribution, spatial distribution and continuity during drying and wetting processes, is crucial. In the present study, 20 

different water retention states of a partially saturated sand were visualized during water retention tests using 21 

microfocus x-ray computed tomography (CT). The CT images obtained from the tests were segmented into the soil 22 

particle phase, the pore water phase and the pore air phase. Then, a series of image processing, erosion, dilation and 23 

cluster labeling, was applied to the images in this order to quantify the cluster volume distributions, the number of 24 

clusters and the continuity of both the pore water phase and the pore air phase. The morphological transitions for the 25 

pore air phase and the pore water phase, subjected to decreasing and increasing degrees of saturation, were revealed 26 

using the results of the image processing, and then the water retention states were characterized based on the 27 

morphologies for the two phases. The influence of the morphologies on the hysteresis was discussed. 28 

 29 
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 3 

1. Introduction 34 

The relationship between suction and the degree of saturation for partially saturated soil is interpreted as the soil 35 

water retention curve (SWRC). The SWRC is an important characteristic for the hydraulic and mechanical behavior of 36 

partially saturated soil. Thus, a modeling of the SWRC that incorporates the effect of the hydraulic hysteresis of the 37 

water retention characteristics into the shear strength, permeability and volume change of partially saturated soil was 38 

developed (e.g., [5, 9, 11, 33, 44]). The hysteresis shown during the drying and wetting processes by the SWRC was 39 

observed through water retention tests (e.g., [8, 13, 20, 43]), and the water retention capability was found to significantly 40 

depend on the bulk density of the soil and the particle size distribution (e.g., [10, 39]). The main causes of the hysteresis 41 

have been interpreted as follows: 1) the ink-bottle effect due to irregularities in the size and connectivity of the pores 42 

(e.g., [34]) and 2) the contact angle hysteresis at the interface between a liquid and a solid during the drying and wetting 43 

processes (e.g., [3, 6]). Up to now, these mechanisms at the pore scale have generally been expressed by schematic 44 

illustrations (e.g., [2, 30]). For a better understanding of these mechanisms, a microscopic investigation of the water 45 

retention behavior in particulate soils is important. 46 

The purpose of the present study is to reveal the microscopic water retention behavior of partially saturated sand 47 

using microfocus x-ray computed tomography (CT). Microfocus x-ray CT is an effective tool for nondestructively and 48 

three-dimensionally visualizing the microstructures of geomaterials or porous media; it has been widely used for 49 

investigating the failure mechanism of particulate soils with strain localization (e.g., [1, 7, 17, 37]) and particle 50 

morphological features of granular geomaterials [31]. Spatial resolution and image processing techniques for 51 
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 4 

microfocus x-ray CT have been developed, resulting in the ability to segment the phases in an object at the microscopic 52 

scale and to investigate the microstructural changes in soils [e.g., [36]]. For partially saturated sands, microfocus x-ray 53 

CT has been applied to investigations of water retention states and the evolution of pore-scale quantities. The 54 

investigations have been done through triaxial compression tests (e.g., [17, 18, 21, 26]) and water retention tests (e.g., 55 

[4, 16, 19, 20, 22, 24, 28, 29, 35]).  56 

Changes in the degree of saturation in partially saturated soil involve morphological transitions for both water and 57 

air in void spaces, which cause variations in the water retention states. Microscopic investigations of the morphologies 58 

for the pore water phase and the pore air phase, and their transitions during the drying and wetting processes, provide 59 

important data for classifying the water retention states and contribute to elucidating the mechanism of the hysteresis. 60 

The morphologies of pore water for partially saturated soils, such as the shape of the liquid bridges and the distribution 61 

of pore water, have been extensively studied. Observations of the morphologies have been done using a scanning 62 

electron microscope (SEM) and an environmental scanning electron microscope (ESEM) (e.g., [12, 40]). Mercury 63 

intrusion porosimetry (MIP) is the other approach for studying pore water morphologies based on pore space 64 

morphologies (e.g., [38, 40]). Although SEM and ESEM provide high resolution images sufficient for visualizing the 65 

liquid bridges, the images are limited to those that capture small portions of the sample surfaces. Recently, microfocus 66 

x-ray CT with image analyses has been applied to investigate the pore water morphologies in three-dimensional 67 

conditions (e.g., [23, 27, 32, 41, 46]). The morphologies of both pore water and pore air, and their transitions during 68 

triaxial compression tests and water retention tests, need further study. In addition, the morphological transitions for 69 
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 5 

pore fluids with a variation in the degree of saturation are essential for interpreting the relationship between the water 70 

retention characteristics and the mechanical behavior during shearing as well as the permeability of partially saturated 71 

soil (e.g., [14, 18, 26, 42]).  72 

In the present study, a water retention test was performed on sand, and the various water retention states subjected 73 

to drying and wetting were visualized using microfocus x-ray CT. The CT images obtained in the tests were segmented 74 

into the soil particle phase, the pore water phase and the pore air phase (trinarization). A series of image processing, 75 

erosion, dilation and cluster labeling, was applied to the trinarized images to quantify the volume distributions, the 76 

number of clusters and the continuity for the pore water phase and the pore air phase. The morphologies for the pore 77 

water phase and the pore air phase at given degrees of saturation and their transitions during the drying and wetting 78 

processes were clearly specified using the results of the image processing. Then, the water retention states which have 79 

been schematically explained were interpreted based on the morphologies for the two phases. Through comparisons 80 

of the analysis results using the images obtained at almost the same degrees of saturation during drying and wetting, 81 

the influence of the morphologies for the two phases on the hysteresis was examined. 82 
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 6 

2. Material and Experimental Setup 83 

The sample used in the present study is Toyoura sand. Figure 1 shows the grain size distribution curve of Toyoura 84 

sand, while the physical properties of this sand are listed in Table 1. The diameter D50 of Toyoura sand is 190 m. 85 

Figure 2 shows a schematic illustration of the test apparatus consisting of an acrylic hollow cylinder (18.0 mm in inner 86 

diameter and 18.0 mm in height), an acrylic pedestal (35.0 mm in diameter), a saturated ceramic disc, a double-tube 87 

burette and a water tank. The air-entry pressure of the ceramic disc was 50 kPa, which is sufficiently larger than the 88 

water retention capability of Toyoura sand; thus, the suction imposed on the Toyoura sand could be controlled by the 89 

ceramic disc. A loose (low bulk density) sand specimen was prepared by the water pluviation technique; namely, the 90 

Toyoura sand was poured from a certain height into the hollow cylinder that was initially filled with water. The specimen 91 

conditions are listed in Table 2. It is seen in the x-ray tomographic images that tiny air bubbles were trapped at the 92 

initial condition. In the present study, it was assumed that the volume of trapped air bubbles was sufficiently small and 93 

that the degree of saturation at the initial state was 100%. 94 

The water retention test in the present study was started by conducting the drying process using a negative water 95 

column [45]. Suction was applied making sure the water level in the burette was lower than the top of the specimen 96 

(Fig. 2); the water level in the burette was varied until equilibrium was reached (about 1 day for the studied specimen). 97 

The applied suction was then seen to correspond to the water head difference between the water level in the burette and 98 

the top of the specimen. A level of suction that corresponded to the air-entry pressure of Toyoura sand (2 kPa) was 99 

firstly applied and then a step-by-step increase in suction was applied up to 10 kPa during the drying process. The 100 
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 7 

corresponding changes in the amount of water drainage at each equilibrium were measured by a differential pressure 101 

gauge installed on the burette. After the drying process, the wetting process was started by decreasing the suction from 102 

10 kPa to 2kPa and then continuing to decrease it step-by-step to 0 kPa. The corresponding changes in the amount of 103 

water absorption at each equilibrium were measured by the differential pressure gauge. It should be noted that the 104 

experiment was carried out in a temperature-controlled room at 20 degrees C, and the top of the specimen was exposed 105 

to an atmospheric pressure with almost 100% humidity through the water tank to minimize water evaporation. 106 

At each equilibrium during the drying and wetting processes, the three-phase microstructures in the specimen were 107 

visualized using a microfocus x-ray CT apparatus “KYOTO-GEOXCT (TOSCANER-32250hdk)” (e.g. [17]). Its 108 

specifications are listed in Table 3. The scan area and the scan conditions are shown in Fig. 3. The entire specimen was 109 

observed by global tomography, while the local region of interest focusing on the middle height of the specimen was 110 

observed by local tomography. The materials comprising the sand specimen are distinguished from each other based 111 

on the level of attenuation of the x-ray, that is, the distribution of the CT values had a 16-bit signed integer. It is 112 

empirically known that the relation between the levels of attenuation of x-ray and the CT values is linear (e.g. [7, 17]). 113 

As indicated by Fig. 3, each phase can be identified by different grayscale colors in a CT image as follows: the brighter 114 

gray portion corresponds to soil particles, the black portion corresponds to air, the darker gray portion corresponds to 115 

water and the white portion corresponds to metal inclusions. 116 

 117 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 8 

3. Image Analysis Methods 118 

3.1. Trinarization 119 

In the present study, the soil particle phase, the pore water phase and the pore air phase in the three-dimensional 120 

tomographic volume were segmented using the region growing method (e.g. [19]). The region growing method is a 121 

segmentation method for digital images that postulates that the adjacent voxels with gray values similar to a chosen 122 

voxel are assimilated into the same phase. A certain voxel representing the gray value of a phase is firstly chosen as the 123 

“initial seed”. Subsequently, the voxels adjacent to the initial seed are extracted as the same phase when their gray 124 

values are smaller than the tolerance limit. To distinguish between the three phases using the region growing method, 125 

a suitable tolerance for each phase is needed. In the CT images scanning partially saturated sand, a voxel often shares 126 

more than two phases. Specifically, voxels sharing the soil particle phase and the pore air phase are often misidentified 127 

as the pore water phase owing to the partial volume effect (e.g., [19, 20, 25]). In the present study, the levels of tolerance 128 

for the region growing of the soil particle phase and the pore air phase were determined by taking the partial volume 129 

effect into account in the following steps. Firstly, the gray value distributions for the soil particle phase, the pore water 130 

phase and the pore air phase were assumed as normal distributions, while those for the three types of phases due to the 131 

partial volume effect, namely, the voxels sharing the soil particle phase and the pore water phase, the voxels sharing 132 

the pore water phase and the pore air phase and the voxels sharing the pore air phase and the soil particle phase, were 133 

assumed as uniform distributions, as shown in Fig. 4. Subsequently, the superposition of the weighted gray value 134 

distributions for the six phases was determined using the maximum likelihood estimation method so that it was close 135 
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 9 

to the gray value distribution of the original CT image. Once the superposition was estimated, the level of tolerance for 136 

extracting the pore air phase was determined as the interval between the mean value of the normal distribution for the 137 

pore air phase and the intersection of the normal distributions for the pore air phase and the pore water phase, as shown 138 

in Fig. 5. Similarly, the level of tolerance for extracting the soil particle phase was determined as the interval between 139 

the mean value of the normal distribution for the soil particle phase and the intersection of the soil particle phase and 140 

the pore water phase. The remaining voxels after the extraction of the pore air phase and the soil particle phase were 141 

considered as the pore water phase. Prior to the trinarization, a median filter with 53 voxels was applied to the CT 142 

images obtained in the present study to reduce noise. The median filter was applied and region growing was performed 143 

using the 3D image analysis software VGStudioMax3.1 (Volume Graphics GmbH). Examples of the original CT image 144 

and the trinarized image are shown in Fig. 6 in which the gray, blue and black colors denote the soil particle phase, the 145 

pore water phase and the pore air phase, respectively. 146 

To investigate the accuracy of the measuring volumes of the pore water phase and the pore air phase using the 147 

trinarization technique, validation work was conducted. A specimen with a height of 12 mm, a diameter of 6 mm, a 148 

void ratio of 0.846 and a degree of saturation of 0.662 was prepared, as shown in Fig. 7. Toyoura sand was packed in 149 

an acrylic cylinder by the moist tamping method. Two kinds of X-ray CT scans were performed with spatial resolutions 150 

of 6.72 m (Case A) and 12.25 m (Case B). Then, the void ratio and the degree of saturation, calculated using 151 

trinarization, were compared with those of the specimen. The specimen was small enough to be observed in its entirety 152 

even with the high spatial resolution of 6.72 m. The results are listed in Table 4. The void ratio and the degree of 153 
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saturation calculated using trinarization are close to those of the specimen in both cases. Case A shows more accurate 154 

values than Case B, which indicates that the higher the resolution of the CT image is, the more accurate the trinarization 155 

will be. The gray value histograms for Cases A and B are shown in Figs. 8a and 8b, respectively. It is found from these 156 

figures that the shape of the superposition of the weighted distributions estimated by the maximum likelihood estimation 157 

method is similar to that of the original distribution for both cases. As shown in Fig. 8b, for Case B, the proposed 158 

technique describes the influence of the partial volume effect which leads to a relatively larger amount of frequency 159 

between the pore water phase and the soil phase. These results confirm that the proposed trinarization technique is a 160 

reasonable segmentation technique for partially saturated sand. 161 

 162 

3.2. Morphology analysis 163 

The aim of this analysis was to reveal the volume distribution, continuity and numbers of assemblies for the pore 164 

air phase and the pore water phase in partially saturated sand. In the present study, the pore air phase and the pore water 165 

phase extracted from the trinarized volumes were divided into some assemblies with individual continuity. Hereafter, 166 

they are referred to as “clusters” using the 3D image analysis software Avizo9.4.0 (FEI). The procedure for the 167 

morphology analysis of the pore water phase is as follows. Firstly, the pore water phase is extracted from the trinarized 168 

volume to provide the binary volume in which the blue portion is the pore water phase and the black portion is the 169 

background phase, as shown in Fig. 9b. The binary volume contains pore water voxels due to the partial volume effect 170 
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between the soil particle phase and the pore air phase as well as the absorbed water that surrounds the soil particles. 171 

Erosion and dilation are performed in this order to remove those voxels. Erosion is the morphological operator which 172 

combines two sets using the vector subtraction of set elements to remove the projected noises from the digital image, 173 

while dilation is the morphological operator which combines the two sets using the vector addition of set elements to 174 

fill in the voids in the digital image (e.g., [15]). A structuring element that is composed of a center voxel and the 175 

neighboring six voxels is defined for the erosion and the dilation. For the erosion, the target pore water voxel centered 176 

at the structuring element is replaced with a background voxel when one of the neighboring six voxels corresponds to 177 

the background voxel. In contrast, for the dilation, the target background voxel centered at the structuring element is 178 

replaced with a pore water voxel when one of the neighboring six voxels corresponds to the pore water voxel. It is 179 

assumed that the one-voxel erosion-dilation image processing sufficiently removes the voxels due to the partial volume 180 

effect as well as the voxels due to the absorbed water. Once this processing has been done, the pore water phase is 181 

clusterized, as shown in Fig. 9c. The separated pore water is labeled by assigning a unique number to all adjacent voxels 182 

that constitute a cluster. Each cluster exhibits a different consecutive number starting with the value 1. In Fig. 9d, each 183 

color describes a unique number for each cluster. The cluster volumes and the number of clusters are quantified by 184 

counting the number of voxels that constitute each cluster in the labeled images. 185 

 186 

 187 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 12 

4. Results 188 

4.1. Water retention curve 189 

Figure 10 describes the water retention curve. The wetting curve is located below the drying path at a given degree 190 

of saturation; i.e., hysteresis is clearly observed. 191 

The degree of saturation begins to decrease at a suction of 1.9 kPa (point “b”) to that of 9.8 kPa (point “g”) in the 192 

drying process, while it begins to increase at a suction of 1.9 kPa (point “h”) in the wetting process. The degree of 193 

saturation at a suction of 0.0 kPa at the end of the wetting process is less than 100%, which indicates that air bubbles 194 

have been trapped due to drying and wetting in this order. 195 

 196 

4.2. Local void ratio and degree of saturation 197 

In Fig. 10, the symbols from “a” to “l”, except for “h” and “l”, indicate the points at which the specimen is in 198 

equilibrium, and x-ray CT scanning and trinarization were performed. Points “h” and “l” are omitted because the 199 

obtained images were of low quality due to mechanical problems. Figure 11 shows examples of the horizontal and 200 

vertical cross sections of the local tomography images and the trinarized images during the drying and wetting processes. 201 

It is clearly observed that the black portion, indicating the pore air phase, increases in the drying process, whereas the 202 

blue portion, indicating the pore water phase, increases in the wetting process. The local void ratio and the degree of 203 
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saturation were quantified by counting the number of voxels for the three phases (the soil particle phase, the pore air 204 

phase and the pore water phase) in the trinarized volumes. Figure 12 shows the local void ratios at each degree of 205 

saturation. It is seen that the local void ratios are comparable with the global void ratios. Figure 13 shows a comparison 206 

of the water retention curve obtained by the test and the relationship between the local degrees of saturation calculated 207 

with the trinarized volumes and the suction imposed on the specimen. Figure 13 indicates that the water retention curve 208 

is qualitatively described by trinarization, although the local degrees of saturation tend to be relatively larger than the 209 

global degrees of saturation of the specimen. One of the causes is that the initial global degree of saturation, assumed 210 

to be 100%, is larger than the real one due to the trapped air bubbles. Another possible reason is that the trinarized 211 

volumes contain a relatively greater amount of pore water than the other portions of the specimen, namely, the 212 

heterogeneity of the degree of saturation. In addition, the degrees of saturation shown in this figure are calculated using 213 

the trinarized volumes including the voxels for the pore water phase due to the partial volume effect. 214 

 215 

4.3. Morphological transitions for pore water and pore air  216 

4.3.1 Distributions of cluster volume for pore air and pore water 217 

Figures 14a and 14b show the cluster volume distribution curves (CVDCs) of the pore air and the pore water, 218 

respectively. The cluster volume used as a horizontal axis in these figures is the number of voxels that constitute each 219 

cluster, while the vertical axis is the cumulative ratio of each cluster volume to the total cluster volume, i.e., the 220 
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proportion of clusters within a certain volume. In Fig. 14a, the pore air clusters with a volume of 103 to 105 voxels exist 221 

at an almost water-saturated condition (points “a” and “b”). As desaturation progresses up to point “d”, the cumulative 222 

volume at pore air volumes smaller than 105 voxels becomes nearly zero and then a pore air cluster with a volume larger 223 

than 106 voxels is observed at the cumulative volume of 100%. This suggests that the pore air clusters with smaller 224 

volumes connect to each other, forming a large pore air cluster with a decreasing degree of saturation. Further 225 

desaturation up to point “g” provides a larger pore air cluster. On the contrary, a larger pore air cluster loses its volume 226 

and is divided into smaller clusters during the wetting process from points “g” to “k”.  227 

In Fig. 14b, the CVDC of the pore water exhibits an opposite trend to that of the pore air during the drying and 228 

wetting processes. A large pore water cluster exists at higher degrees of saturation and gradually loses its volume during 229 

the drying process, which is finally divided into smaller pore water clusters at lower degrees of saturation. The smaller 230 

pore water clusters tend to merge together into a large pore water cluster during the wetting process. As indicated by 231 

Fig. 14b, the cumulative volume of a pore water cluster with a volume of 104 voxels is less than 10% at degrees of 232 

saturation higher than 28% (points without “f” and “g”) and a pore water cluster with a volume larger than 108 voxels 233 

shows 100% cumulative volume. On the other hand, a pore water cluster with a volume of 104 voxels shows 100% 234 

cumulative volume at degrees of saturation lower than 28% (points “f” and “g”). This indicates that the volume of 104 235 

voxels for the pore water cluster seems to be the threshold between smaller volume clusters and a large volume cluster 236 

for Toyoura sand. The large volume cluster of the pore water phase is larger than 108 voxels.  237 
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 238 

4.3.2 Continuity and number of clusters for pore air and pore water 239 

The maximum number of voxels that constitute a cluster, that is, the maximum volume (Vmax) of a cluster out of all 240 

the clusters, was evaluated. Figures 15a and 15b show the Vmax of the pore air and pore water clusters at each degree of 241 

saturation, respectively. The symbols in these figures correspond to the x-ray scanning points shown in Fig. 10. In Fig. 242 

15a, the Vmax of the pore air cluster increases from points “c” to “g” in the drying process and then gradually decreases 243 

from points “g” to “k” in the wetting process. On the contrary, the Vmax of the pore water cluster decreases in the drying 244 

process and increases in the wetting process, as shown in Fig. 15b. Figures 16a and 16b show the total volumes (Vtotal) 245 

of the pore air and pore water clusters at each degree of saturation, respectively. For pore air, the Vtotal is larger than the 246 

Vmax at points “a”, “b”, “c” and “k” where the degrees of saturation are higher than 60%. The same trend is observed 247 

for the pore water at points “f” and “g” where the degrees of saturation are lower than 20%. For the other points, the 248 

Vtotal for both the pore air and pore water clusters is almost identical to the Vmax. 249 

In the present study, continuity is defined as the ratio of Vmax to Vtotal. It should be noted that continuity is defined as 250 

an indicator for discussing the water retention states; it does not directly describe whether or not the pore water is 251 

continuous in real soil. Figures 17a, 17b and 17c show the labeled images of the pore water cluster with continuity of 252 

100.00% (point “a”), 97.26% (point “e”) and 0.10% (point “f”), respectively. Continuity of almost 100% means that 253 

one cluster occupies the total volume of clusters, whereas continuity of 0.10% means that the individual clusters exist 254 
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independently and spatially. A large cluster and some smaller clusters coexist when the continuity is about 97.26%, as 255 

demonstrated in Fig. 17b. Figure 18 shows examples of pore water clusters with different volumes at point “e” where 256 

the continuity of the pore water phase is almost 97.26%. The erosion-dilation image processing, aimed at removing the 257 

pore water voxels from the grain surface, possibly removes the voxels of the capillary bridges created between grains. 258 

Nevertheless, it is apparent from this figure that the pore water clusters with volumes smaller than 103 voxels (2.1×105 259 

m3) form capillary bridges between the grains and that the clusters with a larger volume exhibit the same shape as 260 

some of the connected small clusters. If the volume of a pore water cluster is larger than 104 voxels (2.1×106 m3), as 261 

shown in Fig. 18, the pore water phase becomes continuous with a volume of 108 voxels (2.1×1010 m3). Figures19a, 262 

19b and 19c show the labeled images of pore air clusters with different levels of continuity. The figures indicate that 263 

the pore air clusters exist as bubbles when the continuity is near 0% and they connect to each other to form a large pore 264 

air cluster with an increase in continuity. Figure 20 shows examples of pore air clusters with different volumes. It can 265 

be seen from this figure that the pore air cluster with a volume smaller than 105 voxels exists as a bubble, while that 266 

with a volume of 106 voxels seems to be a continuous cluster comprising some air bubbles. In other words, a volume 267 

of 106 voxels seems to be the threshold of a morphological transition for the pore air between small volume clusters 268 

and a large volume cluster.  269 

Figures 21a and 21b show the relations of the global degrees of saturation with continuity for pore air and with 270 

continuity for pore water, respectively. The continuity for pore air at degrees of saturation higher than 80% is smaller 271 

than 10% and it is nearly 100% at degrees of saturation lower than 80% without point “c”. On the other hand, the 272 
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continuity for pore water at degrees of saturation lower than 30% is almost 0% and it is almost 100% at degrees of 273 

saturation higher than 30%. In other words, pore air becomes continuous while losing the continuity of pore water in 274 

the drying process, and pore water becomes continuous while losing the continuity of pore air in the wetting process. 275 

It is also clearly seen in Fig. 21 that the continuity for both pore air and pore water is relatively large at degrees of 276 

saturation between 30% and 80%. This indicates that the pore air phase and the pore water phase are mostly continuous 277 

during a certain range of degrees of saturation in the middle of the drying and wetting processes.  278 

Figures 22a and 22b show the number of clusters of pore air and pore water, respectively. At higher degrees of 279 

saturation, a lot of pore air clusters and a smaller number of pore water clusters exist. Along with lower degrees of 280 

saturation, comes the tendency for a larger number of pore water clusters to exist with a decreasing number of pore air 281 

clusters. 282 

  283 
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5. Discussions 284 

The results of the morphology analysis for Toyoura sand, including the continuity, the cluster volume and the number 285 

of clusters for pore air and pore water, are summarized in Fig. 23. Firstly, pore air is discontinuous; therefore, smaller 286 

pore air clusters exist at almost fully saturated conditions (points “a” and “b”). In this case, a continuous pore water 287 

cluster with a large volume occupies the void spaces in the sand, as shown in Fig. 17a; smaller air bubbles are spatially 288 

trapped in the void spaces, as shown in Fig. 19a. 289 

As desaturation proceeds until degrees of saturation lower than the AEV (points “c”, “d” and “e”), morphologies for 290 

both the pore air phase and the pore water phase start to change. Specifically, discontinuous pore air clusters with 291 

smaller volumes connect to each other forming a continuous pore air cluster with a large volume, as shown in Fig. 19b, 292 

whereas continuous pore water begins to be separated into smaller pore water clusters, for example, as shown in Fig. 293 

17b. In other words, a continuous phase with a large volume and a discontinuous phase with a smaller volume exist 294 

together in the void spaces. In the water retention state, along with lower degrees of saturation, comes a larger number 295 

of pore water clusters.  296 

With a further decrease in the degrees of saturation (points “f” and “g”), a continuous pore air cluster becomes larger 297 

and then only discontinuous pore water clusters with smaller volumes exist. This suggests that capillary bridges exist 298 

spatially at the grain contacts, as shown in Figs. 17c and 18. In the wetting process, pore air and pore water become 299 
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continuous with increasing degrees of saturation, after which the pore air becomes discontinuous and the pore water 300 

becomes continuous.  301 

  The results of the morphology analysis confirmed that the morphologies for pore air and pore water in partially 302 

saturated sand can be identified as follows: i) a continuous and large volume and ii) discontinuous and smaller volumes. 303 

Then, the water retention states of partially saturated sand can be classified using the two kinds of morphologies for the 304 

two phases as the following three states: 1) a state at which discontinuous pore air (trapped air) and continuous pore 305 

water coexist, 2) a state at which continuous pore air and continuous pore water coexist and 3) a state at which 306 

continuous pore air and discontinuous pore water (capillary bridges) coexist.  307 

Figure 14b suggests that there is a threshold where the morphology of pore water starts to transit, i.e., discontinuous 308 

pore water clusters with smaller volumes become a continuous pore water cluster with a large volume and vice versa. 309 

In the present study, the threshold was, for example, about 0.6 times as large as a soil particle of Toyoura sand (2.1×106 310 

m3). Similarly, Fig. 14a suggests that there is a threshold where the morphology of pore air starts to transit, and its 311 

value was about 60 times as large as a soil particle of Toyoura sand (2.1×108 m3). These trends can probably be 312 

attributed to the uniformity of the pore volumes in the Toyoura sand which is a poorly graded sand. On the other hand, 313 

the threshold of pore air is not as clear as that of pore water. In other words, pore air clusters with a larger variety of 314 

volumes spatially distribute more in partially saturated sand than pore water clusters. A morphology analysis for sand 315 

with various grain size distributions or bulk densities will contribute to clarifying the mechanism of the morphological 316 

transitions for both pore air and pore water. 317 
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In cases where partially saturated sand is subjected to drying and wetting in this order, pore air and pore water 318 

experience continuous or discontinuous morphology. Then, the water retention states transit as follows: states 1), 2) and 319 

3) in this order during the drying process and states 3), 2) and 1) in this order during the wetting process. These histories 320 

correspond to the states demonstrated in Figs. 17a, 17b and 17c during the drying process and the states demonstrated 321 

in Figs. 17c, 17b and 17a during the wetting process. Assuming that the above water retention states correspond to 322 

those suggested by Bear [2], insular air saturation, funicular saturation and pendular saturation correspond to states 1), 323 

2) and 3), respectively. 324 

A comparison of the results at similar degrees of saturation during the drying and wetting processes, given in Fig. 10, 325 

examines the relationship between the morphological transitions of pore fluid (pore air and pore water) and hysteresis. 326 

Comparisons of the results at such points, e.g., “d” and “j”, and “e” and “i” in Fig. 23, confirm that both pore water and 327 

pore air are continuous at any point. Thus, there is no significant difference in microscopic morphologies for pore air 328 

and pore water at similar degrees of saturation during the drying and wetting processes evaluated by the morphology 329 

analysis even though the water retention curve apparently exhibits hysteresis. It is possible that the difference in the 330 

principal curvatures of the capillary bridges, which leads to different levels of suction even when the degrees of 331 

saturation are similar, probably causes the hysteresis. 332 
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Conclusions 334 

X-ray CT images, scanning different water retention states with high spatial resolution, were analyzed using a 335 

morphology analysis to investigate the volume distributions, continuity and number of clusters for pore air and 336 

pore water with a variation in the degree of saturation. Then, the morphologies for the two phases were clearly 337 

specified based on the results.  338 

The analysis confirmed that pore air and pore water in partially saturated sand exhibit two kinds of 339 

morphologies: a continuous and large volume and discontinuous and smaller volumes. In the drying process, 340 

continuous pore water was divided into discontinuous pore water clusters, i.e., capillary bridges. In contrast, 341 

discontinuous pore air bubbles connected to each other and formed a continuous pore air cluster with a large 342 

volume. In the wetting process, the opposite behavior was observed. Based on the morphologies, the water 343 

retention states were classified into three states at certain degrees of saturation: 1) the state at which discontinuous 344 

pore air (trapped air) and continuous pore water coexist, 2) the state at which both pore air and pore water are 345 

continuous and 3) the state at which continuous pore air and discontinuous pore water (capillary bridges) coexist. 346 

In addition, there are probably thresholds between the discontinuous clusters with smaller volumes and the 347 

continuous cluster with a large volume for both pore air and pore water. The water retention curve exhibited 348 

apparent hysteresis; however, the morphology analysis revealed that there was no significant difference in the 349 

morphologies for pore air and pore water at similar degrees of saturation during the drying and wetting processes. 350 
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The discussions in the present study were made based on the local tomographic volume that is a small portion 351 

of the entire specimen. Microscopic investigations of the entire specimen, such as the spatial distribution and the 352 

homogeneity of the morphologies, should be conducted in the future. 353 
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 473 

Table 1. Physical properties of Toyoura sand 474 

Particle density (g/cm3) 2.64 

Maximum void ratio 0.975 

Minimum void ratio 0.614 

Average diameter (mm) 0.185 

Uniformity coefficient 1.6 

Fines content (%) 0.1 

 475 

Table 2. Specimen conditions 476 

Diameter (mm) 18.00 

Height (mm) 17.74 

Initial void ratio 0.822 

Initial porosity (%) 45.12 

Relative density Dr (%) 42.38 

Initial degree of saturation (%) 100.00 (Assumption) 

 477 
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 478 

Table 3. Specifications of microfocus x-ray CT apparatus 479 

X-ray 

source 

Max. voltage (kV) 225 

Max. current (mA) 0.888 

Max. consumption power (W) 200 

Min. focus size (m) 4 

Flat 

panel 

detector 

(FPD) 

Image matrices 10242 

Resolution performance (m) 5 

Integration time (ms) 66-999 

Projection views 600-4800 

Number of images averaged at 

each projection view 
1-50 

 480 

Table 4 Validation results for CT images with different resolutions 481 

 482 

 483 

 484 

 485 

 Measured value Trinarization 

Case Specimen A B 

Void ratio 0.846 0.831 0.820 

Degree of saturation 0.662 0.656 0.725 

Water content 0.212 0.206 0.225 
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Fig. 1 Grain size distribution curve of Toyoura sand

Fig. 2 Schematic illustration of test apparatus and negative water column
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Fig. 3 Scan area and conditions

Fig. 4 Gray value distributions obtained by maximum likelihood evaluation:

(a) assumption of gray value distributions as normal and uniform distributions and (b) superposition of gray 

value distributions
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Fig. 6 Horizontal cross section of trinarized image

Fig. 5 Conceptual diagram of determination of tolerances for region growing

Fig. 7 Validation of trinarization technique: (a) specimen and (b) application of trinarization to CT images
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Fig. 9 Procedure for morphology analysis of pore water phase

Fig. 10 Water retention curve

Fig. 8 Gray value histograms for CT images: (a) Case A (6.72 mm in resolution) and (b) Case B (12.25 

mm in resolution)
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Fig. 11 Horizontal and vertical cross sections of original CT images and trinarized images
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Fig. 13 Comparison of water retention curve with those calculated using trinarization

Fig. 14 Cluster volume distribution curves: (a) pore air and (b) pore water

Fig. 12 Local void ratios at different degrees of saturation
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Fig. 16 Total volume of clusters at different degrees of saturation: (a) pore air and (b) pore water

Fig. 15 Maximum volume of clusters at different degrees of saturation: (a) pore air and (b) pore water
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Fig. 17 3D and 2D views of pore water clusters for different levels of continuity

Fig. 18 Pore water clusters with different volumes at grain contacts (point “e” )
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Fig. 19 3D and 2D views of pore air clusters for different levels of continuity
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Fig. 20 Pore air clusters with different volumes (point “c” )
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Fig. 21 Continuity of clusters at different degrees of saturation: (a) pore air and (b) pore water

Fig. 22 Number of clusters at different degrees of saturation: (a) pore air and (b) pore water
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Fig. 23 Summary of morphology analysis
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