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Abstract

Water retention characteristics are important for modeling the mechanical and hydraulic behavior of partially
saturated sand. It is well known that the soil water characteristic curve shows hysteresis during drying and wetting
processes. For a better understanding of the water retention characteristics of partially saturated soil, a microscopic
investigation of the morphological transitions for the pore water phase and the pore air phase, such as volume
distribution, spatial distribution and continuity during drying and wetting processes, is crucial. In the present study,
different water retention states of a partially saturated sand were visualized during water retention tests using
microfocus x-ray computed tomography (CT). The CT images obtained from the tests were segmented into the soil
particle phase, the pore water phase and the pore air phase. Then, a series of image processing, erosion, dilation and
cluster labeling, was applied to the images in this order to quantify the cluster volume distributions, the number of
clusters and the continuity of both the pore water phase and the pore air phase. The morphological transitions for the
pore air phase and the pore water phase, subjected to decreasing and increasing degrees of saturation, were revealed
using the results of the image processing, and then the water retention states were characterized based on the

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

Keywords: Partially saturated sand, Water retention test, Microfocus x-ray CT, Image processing, Morphology, Water

retention state
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1. Introduction

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

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

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

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

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

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

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

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

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

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

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

retention behavior in particulate soils is important.

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

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

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

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

morphological features of granular geomaterials [31]. Spatial resolution and image processing techniques for
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microfocus x-ray CT have been developed, resulting in the ability to segment the phases in an object at the microscopic

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

triaxial compression tests and water retention tests, need further study. In addition, the morphological transitions for
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pore fluids with a variation in the degree of saturation are essential for interpreting the relationship between the water

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

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

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

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

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

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

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

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

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

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

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

the influence of the morphologies for the two phases on the hysteresis was examined.
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2. Material and Experimental Setup

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

sand, while the physical properties of this sand are listed in Table 1. The diameter Dso of Toyoura sand is 190 um.

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

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

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

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

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

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

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

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

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

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

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

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

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

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

firstly applied and then a step-by-step increase in suction was applied up to 10 kPa during the drying process. The
6
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corresponding changes in the amount of water drainage at each equilibrium were measured by a differential pressure

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

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

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

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

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

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

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

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

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

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

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

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

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

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

water and the white portion corresponds to metal inclusions.
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3. Image Analysis Methods

3.1. Trinarization

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

distributions for the six phases was determined using the maximum likelihood estimation method so that it was close
8
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to the gray value distribution of the original CT image. Once the superposition was estimated, the level of tolerance for

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

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

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

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

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

considered as the pore water phase. Prior to the trinarization, a median filter with 5° voxels was applied to the CT

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

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

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

pore water phase and the pore air phase, respectively.

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

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

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

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

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

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

even with the high spatial resolution of 6.72 um. The results are listed in Table 4. The void ratio and the degree of

9
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saturation calculated using trinarization are close to those of the specimen in both cases. Case A shows more accurate

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

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

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

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

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

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

reasonable segmentation technique for partially saturated sand.

3.2. Morphology analysis

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

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

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

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

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

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

background phase, as shown in Fig. 9b. The binary volume contains pore water voxels due to the partial volume effect

10
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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.

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

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

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

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

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

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

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

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

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

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

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

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

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

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

11
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4, Results

4.1. Water retention curve

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

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

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

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

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

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

4.2. Local void ratio and degree of saturation

In Fig. 10, the symbols from “a” to “1”, except for “h” and “I”, indicate the points at which the specimen is in

equilibrium, and x-ray CT scanning and trinarization were performed. Points “h” and “1” are omitted because the

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

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

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

blue portion, indicating the pore water phase, increases in the wetting process. The local void ratio and the degree of

12
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saturation were quantified by counting the number of voxels for the three phases (the soil particle phase, the pore air

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

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

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

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

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

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

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

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

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

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

4.3. Morphological transitions for pore water and pore air

4.3.1 Distributions of cluster volume for pore air and pore water

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

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

cluster, while the vertical axis is the cumulative ratio of each cluster volume to the total cluster volume, i.e., the
13
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proportion of clusters within a certain volume. In Fig. 14a, the pore air clusters with a volume of 10 to 10° voxels exist

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

volume at pore air volumes smaller than 10° voxels becomes nearly zero and then a pore air cluster with a volume larger

than 10° voxels is observed at the cumulative volume of 100%. This suggests that the pore air clusters with smaller

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

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

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

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

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

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

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

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

saturation higher than 28% (points without “f’ and “g”) and a pore water cluster with a volume larger than 10 voxels

shows 100% cumulative volume. On the other hand, a pore water cluster with a volume of 10* voxels shows 100%

cumulative volume at degrees of saturation lower than 28% (points “f” and “g”). This indicates that the volume of 10*

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

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

14
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4.3.2 Continuity and number of clusters for pore air and pore water

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

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

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

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

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

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

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

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

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

Viota fOr both the pore air and pore water clusters is almost identical to the Vmax.

In the present study, continuity is defined as the ratio of Vmax t0 Vil It should be noted that continuity is defined as

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

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

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

one cluster occupies the total volume of clusters, whereas continuity of 0.10% means that the individual clusters exist

15



O©CoO~NOOOTA~AWNPE

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

independently and spatially. A large cluster and some smaller clusters coexist when the continuity is about 97.26%, as

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

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

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

Nevertheless, it is apparent from this figure that the pore water clusters with volumes smaller than 102 voxels (2.1x10°

um?®) form capillary bridges between the grains and that the clusters with a larger volume exhibit the same shape as

some of the connected small clusters. If the volume of a pore water cluster is larger than 10* voxels (2.1x10° pm?), as

shown in Fig. 18, the pore water phase becomes continuous with a volume of 108 voxels (2.1x10%° um?®). Figures19a,

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

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

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

be seen from this figure that the pore air cluster with a volume smaller than 10° voxels exists as a bubble, while that

with a volume of 10° voxels seems to be a continuous cluster comprising some air bubbles. In other words, a volume

of 10° voxels seems to be the threshold of a morphological transition for the pore air between small volume clusters

and a large volume cluster.

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

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

than 10% and it is nearly 100% at degrees of saturation lower than 80% without point “c”. On the other hand, the

16
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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

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

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

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

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

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

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

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

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

clusters.

17
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5. Discussions

The results of the morphology analysis for Toyoura sand, including the continuity, the cluster volume and the number
of clusters for pore air and pore water, are summarized in Fig. 23. Firstly, pore air is discontinuous; therefore, smaller
pore air clusters exist at almost fully saturated conditions (points “a” and “b”). In this case, a continuous pore water

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

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

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

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

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

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

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

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

of pore water clusters.

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

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

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

becomes continuous.

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

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

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

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

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

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

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

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

In the present study, the threshold was, for example, about 0.6 times as large as a soil particle of Toyoura sand (2.1x108

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

value was about 60 times as large as a soil particle of Toyoura sand (2.1x108 um?). These trends can probably be

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

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

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

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

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

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

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

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

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

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

2) and 3), respectively.

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

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

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

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

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

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

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

saturation are similar, probably causes the hysteresis.
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Conclusions

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

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

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

specified based on the results.

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

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

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

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

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

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

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

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

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

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

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

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

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

homogeneity of the morphologies, should be conducted in the future.
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2.0x10? voxels 4.0x10? voxels 1.0x10° voxels 1.0x10* voxels
(4.2x10" um®) (84x10" um®) (21x10° um®) (21x10° um®)

Fig. 18 Pore water clusters with different volumes at grain contacts (point “e”)
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Increase in Increase in
continuity continuity
1lmm 1lmm 1lmm
2D view 2D view 2D view
Small volume clusters A continuous cluster & small volume clusters A continuous cluster
(a) Continuity is 1.71% (b) Continuity is 48.82% (c) Continuity is 99.24%
(point b: S,=92.51%) (point c: S,=68.53%) (point d: S,=46.05%)

Fig. 19 3D and 2D views of pore air clusters for different levels of continuity

Pore air cluster

1.0x10° voxels 1.0x10* voxels 1.0x10° voxels 1.0x10° voxels
(21x10° um®) (21x10° um®) (21x10" um®) (2.1x10° um?)

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



Process Drying Wetting
Points a b [ d e i j k
Global S; (%) 100 | 92.51| 68.53 | 46.05 | 28.56 33.56 | 51.54 | 79.02
Co?;grrl)uity Discontinuous Continuous Continuous tDirisucoans-
C(ovcgtrét:i)ty Continuous Continuous Continuous r?ﬁgd's
Cluste(gi\rl)olume Small Large Large
Clus(t\?vgt\éorl)ume Large Small Large
cm‘;{g?ser(;‘;) Large Small Small Large
o u’\slrerpsb((ev(/gtf e Small Large Large Small

Note 1: “continuous” means a continuity of nearly 100%, while “discontinuous” means a continuity of nearly 0%.
Note 2: 1.0x10° voxels and 1.0x10* voxels are thresholds for the air phase and the water phase, respectively, where their

morphologies transit from “large cluster volume” to “small cluster volume” and vice versa.
Note 3: Thresholds between “large number of clusters” and “small number of clusters” are 7.0x103 (air)

and 1.5x10 (water), respectively.

Fig. 23 Summary of morphology analysis




