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ABSTRACT: It is well known that unsaturated soils exhibit more brittle mode of failure than fully saturated soils and dry soils due to 
loss of the effect of suction on strength and stiffness by shear deformation. Investigation of three-phase microstructural changes is 
important to clarify this mechanism. In the present study, development of shear band is observed by microfocus x-ray computed 
tomography (CT) during triaxial compression for an unsaturated sand specimen. Trinarisation taking partial volume effect into 
account is applied, after which morphology analysis provides the continuity and the number of pore water clusters. It is also found 
that strain hardening occurs due to the large number of meniscus water, while strain softening attributes to decrease in the number of 
meniscus water. 

RÉSUMÉ : Il maintenant bien établi que les sols non saturés présentent un mode de rupture plus fragile que les sols saturés ou secs due à 
l’effet de la succion sur la rigidité et la résistance au cisaillement. Une analyse de l’évolution à l’échelle de la microstructure des trois 
phases en présence est nécessaire pour clarifier les mécanismes sous-jacents à ce comportement. Dans la présente étude, la formation de 
la bande de cisaillement a été observée par le biais d’un tomographe à rayon X à haute résolution au cours d’une compression triaxiale sur 
un échantillon non saturé. La trinarisation des images a été réalisée en tenant compte de l’effet du volume partiel, puis une étude 
morphologique a conduit à caractériser la continuité de la phase liquide ainsi que la géométrie des clusters d’eau. Cette étude permet aussi 
de montrer que l’écrouissage est induit par une augmentation du nombre de ponts capillaires et que par opposition l’adoucissement est 
induit par une diminution du nombre de ces ponts. 
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1  INTRODUCTION 

Unsaturated soils are composed of soil particle, pore water and 
pore air. They show the higher strength and stiffness than fully 
saturated soils and dry soils due to suction which works at 
meniscus water. On the other hand, they exhibit more brittle 
mode of failure with clear shear bands and large strain softening 
due to loss of the effect of suction caused by shear deformation, 
especially under lower confining pressure (e.g., Cunningham et 
al. 2003, Higo et al. 2011). Macroscopic behavior of 
unsaturated soils during deformation depends on the 
microstructural changes, e.g., soil particle rearrangement, the 
variation in pore water distribution. It is certain therefore that 
microscopic investigation of three-phase microstructural 
changes in the process of development of shear band is key to 
understanding the macroscopic behavior of unsaturated soils; 
however, it is not still clear. 

In this present study, macroscopic deformation and three-
phase microstructural changes during development of shear 
bands for unsaturated sand are visualized by microfocus x-ray 
tomography during triaxial compression test under drained for 
both air and water. Microfocus x-ray tomography identifies 
individual soil particles and different water-retention states, e.g., 
meniscus water and bulk water with higher spatial resolution. 
The soil phase, the pore water phase and the pore air phase are 
separated by means of trinarisation technique. This technique 
used in the present study takes the partial volume effect into 
account; the voxels sharing the soil phase and the pore air phase 
is misidentified as the pore water phase due to similarity of CT 
value. 

Morphology analysis is performed using trinarised images, 
which provides continuity of pore water and the number of pore 
water clusters in the shear band. The microscopic influence of 
pore water distribution on deviator stress obtained by triaxial 
compression test is discussed. 

2  SAMPLE AND TESTING PROGRAM 

The sample used in this study is silica sand. The physical 
properties include a maximum void ratio of 1.013, a minimum 
void ratio of 0.694, a particle density of 2.64 g/cm3, a D50 of 
438 m. Specimen was prepared by water pluviation technique 
with relative density of 90.6 %. The size of specimen was 35.0 
mm in diameter and 70.0 mm in height. Specimen was initially 
almost water-saturated, and suction was applied by negative 
water column (e.g., Vanapalli et al. 2008) to desaturate the 
specimen. Initial degree of saturation of the specimen was 
54.6 % and suction at the top of the specimen was 0.98 kPa. 
Triaxial compression test was conducted under drained 
condition for both air and water. Axial strain rate was 
0.10 %/min and the confining pressure was 50 kPa. 

Microfocus x-ray CT device used in this study is 
KYOTOGEO-XCT, which equips Flat Panel Detector (FPD) 
providing high spatial resolution CT images with low noises. 
Figure 1 shows the scan area for two kinds of tomography 
performed at axial strains of 0 % (initial condition), 2 %, 4 %, 
6 %, 9 %, 12 %, 15 %, 18 % and 21 %. One of the two is global 
tomography to observe deformation of whole specimen with 
spatial resolution of 72.6 m. The other is local tomography, 
which provides the microstructural changes during development 
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of shear band with spatial resolution of 12.3 m. The axial 
loading was stopped during tomography to avoid moving of the 
specimen, and then the loading was resumed with the same 
axial strain rate. 

3  IMAGE ANALYSIS METHOD 

3 .1  Trinarisation technique 

CT images are assembly of discrete gray values, and thus they 
have a specific artifact such as partial volume effect: the voxel 
sharing two phases has a gray value based on the weighted 
average value of the two materials in a voxel. CT images of 
unsaturated soils have three types of partial volume effect: the 
voxels sharing the soil phase and the pore water phase; the 
voxels sharing the soil phase and the pore air phase; the voxels 
sharing the pore water phase and the pore air phase. In 
particular, a voxel sharing the soil phase and the pore air phase 
often gives a gray value similar to that of the water phase 
because of the close similarity of the density (e.g., Higo et al. 
2014, Hashemi et al. 2014). The voxels sharing the soil and the 
pore air phases are likely to be misidentified as the water phase, 
and this therefore leads to overestimation of degree of 
saturation.  

We applied region growing method (Higo et al. 2013, 2014) 
in which a tolerance to extract a continuous phase is required. 
Note that median filter with 53 voxels was applied to CT images 
obtained in the present study to reduce noises before 
trinarisation. Determination of a tolerance for region growing 
method is shown in Figure 2. In the present study, superposition 
of the weighted distributions for totally 6 phases including 
partial volume effect is determined by the maximum likelihood 
estimation method (MLE) (Higo et al. 2015). Figure 2 shows a 
conceptual illustration of MLE method. Gray value histograms 
for the soil phase, the pore water phase and the pore air phase 
are assumed to be normal distributions. Those for the voxels 
due to partial volume effect are assumed to be uniform 
distributions. Once superposition of weighted distribution is 
determined, a tolerance to extract the air phase is given by an 
interval between mean value of normal distribution for the air 
phase and the intersection of the air phase and the water phase. 
A tolerance to extract the soil phase is similarly determined. It 
should be noted that the intersections are not used for simple 
threshold but used to determine tolerance for the region 
growing method. The water phase is given as the remaining 
voxels after region growing for the other phases. 

3 .2  Morphology analysis 

This analysis provides continuity and the number of clusters of 
pore water based on trinarised images. Procedure of this 
analysis for the pore water phase is shown in Figure 3. The pore 
water phase is extracted from trinarised images, after which the 
voxels due to partial volume effect and absorbed water are 
removed by means of one-voxel erosion-dilation image 
processing. Subsequently, cluster labeling is performed to 
divide the pore water into clusters which are individually 
continuous. Each color seen in labeled images (see Figure 3) 
means the identification for each cluster. The volume of each 
cluster and the number of pore water clusters are quantified 
based on the labeled images. 

4  RESULTS AND DISCUSSIONS 

4 .1  Deviator stress- strain relation and observation of 
macroscopic and microscopic deformation 

Figure 4 shows deviator stress-axial strain relation and 
volumetric strain-axial strain relation. Stress relaxation occurs 

at each step of tomography because axial displacement was 
fixed for 3 hours during scanning. Deviator stress increased 
until an axial strain of 4 % where the peak stress shows about 
800 kPa, after which strain softening occurs. The residual stress 
is about 550 kPa at an axial strain of 21 % 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Conceptual illustration of MLE method and deter
mination of a tolerance for region growing method. 
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Figure 1. Scan area for (a) global tomography (b) local tomography.

(a) Trinarised image
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Figure 3. Procedure of morphology analysis for the water phase.
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   Figure 5 shows the CT images obtained by two kinds of 
tomography. In the CT image, whiter portion indicates the 
higher density region while darker portion indicates the lower 
density region. It is seen that upper part of the specimen is 
darker than lower part of that as shown in Figure 5. This is 
because the degree of saturation at the upper part of the 
specimen is lower than the lower part of that. Middle of the 
specimen at an axial strain of 4 % becomes darker, which 
indicates density decreases due to dilation. It is seen that strain 
localization occurs at an axial strain of 9 %, after which density 
progressively decreases and the cross type of low density region 
is clearly observed at an axial strain of 21 %. Note that digital 
image correlation (e.g., Higo et al. 2013) for CT images 
obtained in the present study made it clear that shear strain and 
volumetric strain of expansion concentrate on low density 
region shown in Figure 5. It is therefore certain that the low 

density region in the specimen used in the present study 
corresponds to shear bands. 
   Comparing the deviator stress-axial strain relation with 
tomography, strain softening starts at an axial strain of 6 %, 
where the strain localization probably occurs. This suggests the 
onset of strain softening involves strain localization. 

4 .2  Local variation in void ratio and degree of saturation 

Figure 6 shows the results of trinarisation for local tomography 
images obtained at each axial strain. Note that trinarisation is 
not applied to CT image at an axial strain of 21 % because of 
lower spatial resolution compared with the other images 
probably caused by fluctuation of x-ray equipment. Void ratio 
of 0.728 at an axial strain of 0 % obtained by trinarisation is 
very close to measured void ratio of the entire specimen, 0.724, 
while degree of saturation of 40.5 % obtained by trinarisation is 
lower than measured one for the entire specimen, 54.6 %. This 

Figure 5. Horizontal and vertical cross section for global tomography and local tomography at each axial strain. 
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Figure 4. Deviator stress-axial strain relation and volumetric strain-axial 
strain relation. 
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is because the local tomography region locates in the upper part 
of the specimen where degree of saturation is relatively lower 
compared with the bottom portions due to depth distribution of 
suction as shown in the vertical slice at an axial strain of 0% of 
Figure 5. It is clearly seen that local void ratio increases and 
local degree of saturation decreases with increase in axial strain 
as shown in Figure 6. This denotes that water-retention 
capability becomes lower due to dilation during shearing 
especially in the shear bands. 

4 .3  Continuity and the number of clusters of pore water 

In the present study, continuity is defined as the ratio of 
maximum water cluster volume (Vmax) in total water cluster 
volume (Vtotal), which is expressed in the following equation: 
 

(%)100/max  totalVVContinuity  (1)

 
As continuity is closer to 100 %, one pore water cluster exists 
with large volume, while the large number of pore water 
clusters exists with small volume as continuity is closer to 0 %. 

Figure 7 shows that the continuity of pore water is less than 
3 % at axial strains of 0 % to 18 %. Note that continuity of pore 
air is almost 100 % at each axial strain. These denote that pore 
water exists as meniscus water at the contact points of the soil 
particles. Continuity of pore water temporally increases at an 
axial strain of 2 %. This is probably because some amount of 
pore water clusters locally connects with each other due to the 
rearrangement of soil particles by compression of the specimen. 
   Figure 8 shows the change in the number of pore water 
clusters from axial strains of 0 % to 18 %. According to the 
result that pore water exists as meniscus water, the number of 
pore water clusters is equivalent to the number of meniscus 
water in the present study. Decrease in the number of meniscus 
water at an axial strain of 2 % corresponds to the increase in 
continuity of pore water as shown in Figure 7. It is clearly seen 
that the number of meniscus water is relatively large until an 
axial strain of 4 % at the peak deviator stress, after which the 
number of meniscus water tends to decrease. Comparing Figure 
4 with Figure 8, strain hardening occurs under the relatively 
large number of meniscus water, while strain softening 
proceeds as decrease in the number of meniscus water. This is 
probably because a large number of meniscus water at which 
suction works effectively contributes to the strength and 
stiffness of the specimen until the peak stress, whereas the 
effect of suction on the strength and stiffness tends to be lower 
due to loss of number of meniscus water. Decrease in density 
due to dilation is one of the key factors of strain softening for 
soils. In addition to this, the loss of meniscus water is certainly 
one of the factor to affect strain softening for unsaturated soils. 

5  CONCLUSIONS 

In the present study, progressive microstructural changes of 
unsaturated sand has been observed by micro x-ray computed 
tomography. Change in void ratio and degree of saturation has 
been estimated by trinarisation. Morphology analysis has 
provided the continuity and the number of pore water, though 
which makes it possible to discuss the water-retention state and 
the microscopic influence of the number of meniscus water on 
the deviator stress. The main conclusions are as follows: 
1) Void ratio increases and degree of saturation decreases 

with increase in axial strain. This is because water-
retention capability degrades due to dilation during 
shearing with development of shear bands. 

2) Continuity and the number of clusters for pore water are 
defined as indicators of the water-retention state and the 
number of meniscus water, respectively. It is found that 

strain hardening occurs under relatively the large number 
of meniscus water and the loss of meniscus water is one 
of the factor of strain softening as well as density decrease 
due to dilation for unsaturated soils. 
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Figure 7. Continuity of pore water at each axial strain. 

Figure 8. The number of pore water clusters at each axial strain.
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