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Abstract
The mechanical behaviours of unsaturated soils are highly related to the water content and pore water and air distributions.

Under the context of climate change, geo-disasters related to soil moisture change attract more and more research

attentions. Due to the heterogeneity of soil textures and the complicated morphology of liquid phases, it is crucial to

understand the microstructural features of unsaturated soils. This work presents a study based on a miniaturized suction

controlled triaxial device which is suitable for micro-CT image analysis. A fine sand is sheared in this device under

different suction levels while CT scans are taken at different strain stages. After image 3D reconstruction, image trinar-

ization, label analysis, contact detection and other customized image analysis and calculations, the micro-mechanisms of

unsaturated granular soils upon triaxial shearing are investigated. It is observed that the inter-particle contact coordination

number is reduced after shearing due to the dilation behaviour and the sample with the highest capillary strength has the

highest coordination number. Although there is an initial fabric anisotropy due to gravity and sample compaction, triaxial

loading will further enlarge the fabric anisotropy of the solid phase and the solid fabric anisotropy is also associated with

shear strength. With the development of shear band, water drains out and the quantity of small-volume liquid clusters in the

liquid bridge increases. This shifts the distributions of inter-facial areas. The effective stress tensor is interpreted micro-

scopically based on small RVEs. Based on the CT image analysis, the suction-induced stress component is not an isotropic

term and the anisotropy of the water phase is increased with triaxial deformation as well as decrease in degree of saturation

when there are more isolated water bridges formed around solid contacts.
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1 Introduction

Unsaturated soil, as a mixture of solid, liquid and gas

phases, is the most common state of soil on the earth sur-

face as the surface soil is normally above the groundwater

level. The mechanical behaviours of unsaturated soils are

highly related to soil moisture and pore water distributions.

Climate change is believed to be a exceedingly vital

challenge to all human beings. Extreme weather events,

such as draughts and excessive rainfalls causing soil water

content fluctuating, may furtherly lead to unfavourable soil

property changes including soil deformation (both shrink-

age and swelling) and strength loss which are the main

causes to geo-disasters of slope failure, embankment set-

tlement, etc. [16, 36]. Therefore, unsaturated soil

mechanics, as a branch of classic soil mechanics, has

developed rapidly in the past two decades [1, 12, 25, 26].
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However, due to the heterogeneity of soil textures and the

complex morphology of liquid–air interfaces [33], an

accurate description/prediction of the stress–strain beha-

viour of unsaturated soil from its global stress states is still

a challenging task [12, 25]. This leads to arguments in

basic theories of unsaturated soils and therefore limited the

engineering applications of the new theories.

Therefore, to understand the hydro-mechanical beha-

viours of unsaturated soils from soil particle interactions as

well as pore-scale liquid–air interactions is crucial for

macro-scale theory development and validations. In the

past two decades, numerical approaches are employed to

study the micro-scale behaviours of partially saturated

granular soils, including the discrete element method

(DEM) [11, 34, 42–44], level set method [37] and the

lattice Boltzmann method (LBM) [30, 31, 46]. However,

these numerical methods have different drawbacks to study

unsaturated soil behaviours. In DEM, the particles are

commonly idealized as spherical particles, and the capil-

lary effect is usually simulated as individual water bridges

which limits the applicable water content range. In level set

and LBM, hydraulic behaviours and pore water distribu-

tions can be numerically simulated but the calculation is

normally time consuming and the size of the model is

limited to a relative small scale. In addition, none of the

numerical methods can replicate the local variations of

contact angles and pore structures without experimental

evidences.

X-ray CT tomography, which was originally developed

as a medical diagnostic tool [8, 17], becomes an increas-

ingly popular experimental approach in the research of

geomaterials due to its non-invasive and non-destructive

features [6, 20, 38, 45]. It has been used to study the local

porosity and local pore structures of granular soils

[7, 24, 35], individual particle shape and motions [5], as

well as strain localizations [2, 3, 10, 13, 14, 40]. Due to the

limitation of image resolution, granular materials such as

sand and glass beads are more suitable materials for CT

scans. As for the study of unsaturated soils, the CT tech-

nique has also attracted more attention in the recent years,

but the quantity of the work is still limited. Different

researchers have investigated the mechanical behaviours of

unsaturated granular soils (mainly the morphology of liq-

uid phase and the deformation characteristics of the solid

structure) [4, 15, 18, 27–29], the hydraulic properties of

unsaturated granular soils (such as water retention beha-

viours) [21, 23, 32], and recently scholars are trying to link

the microscopic characteristics to the macroscopic

responses combining with X-ray CT scanning technique

[22]. However, the coupled hydro-mechanical behaviours

of unsaturated granular soils still need more research

efforts from the microscopic point of view.

Suction controlled triaxial test is a fundamental experi-

ment to understand the hydro-mechanical behaviours of

unsaturated soils. However, the commercially supplied

devices are not suitable to be used in combination with

X-ray CT directly due to its metal parts. The standard sizes

of the device and the soil sample also limit the CT image

resolution as in a cone X-ray beam the magnification factor

is inversely proportional to the size of the scanned object.

In this study, we used a customized mini-triaxial device

made of transparent Plexiglas materials and sizes of the

device and the installed soil sample are also miniaturized

[41]. The device is employed to study the stress–strain

behaviours of an unsaturated granular soil under different

constant suction levels. CT scans are taken at different

axial strains to study the microscopic behaviours upon

triaxial loadings. After image trinarization, labelled anal-

ysis of solid and water phases, interfacial areas analysis and

inter-particle contact detections, the macroscopic beha-

viours will be explained from the microscopic point of

view including the evolution of the water cluster distribu-

tions, the global and local interfacial areas, distribution of

coordination numbers. Moreover, the loading-induced

anisotropies in the solid structure and the water phase are

also recorded and analysed, which will help the under-

standing of the controversial concept of effective stress of

unsaturated soil.

2 Experimental set-up

2.1 Properties of the tested sand

A commercially supplied Mol sand is used to prepare the

experimental sample. The filled and compacted Mol sand is

a fine sand with grain diameter ranging from 0.06 to

0.6 mm. It has a coefficient of uniformity Cu of 1.44 and a

median grain size D50 of 0.265 mm making it poorly gra-

ded sand. The grain size distribution curve of the tested

sand is shown in Fig. 1a. The water retention curve of the

Mol sand is depicted in Fig. 1b which was measured from a

drainage process by using a hanging water column method.

2.2 The miniaturized testing device

The sketch of the developed miniaturized triaxial test

device is presented in Fig. 2a. Main part of mini-triaxial

device is made of plexiglas material which permit X-ray

beams effectively penetrate the mini-device and the soil

sample without significant energy loss. Meanwhile,

the experimental device is based on the same principle of

conventional triaxial test devices but with a miniaturized

size to obtain a higher resolution in the X-ray CT system.

The soil sample is in cylindrical shape with 10 mm in
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diameter and 20 mm in length. The outer diameter of the

plexiglas pressure chamber is 60 mm. Utilizing the micro-

stepper motor to precisely control the axial strain of sam-

ple, and a submersible force sensor is employed and

inserted into the axial piston in the confining chamber to

avoid the friction effect between piston and the chamber

orifice in force measurement.

The triaxial cell is fixed on a rotational table between the

X-ray beam source and the detector with data acquisition

unit connected to conduct X-ray CT scans during triaxial

tests at various strain stages. The specific setting configu-

ration is displayed in Fig. 2b. As the main deformation of

the samples in triaxial test occurred in the middle part, a

12-mm-long region of interest is taken in that part as the

studied object throughout this paper.

2.3 Experimental procedures and parameters

The fine sand sample is prepared and compacted in a

cylindrical mould with a rubber membrane sticked on its

inner wall. After sand filling and compaction, the top cap is

assembled on the top of the sample and then sealed with an

O ring. Before removing the cylindrical mould, a vacuum

condition is applied to the sample by using a vacuum air

pump through the bottom channel (top channel is closed).

This is to keep the sample vertically during the device

assembling. After assembling different parts of the mini-

triaxial device, water is filled in the triaxial cell and 16 kPa

cell pressure is maintained by a pressure controller. The

bottom channel is connected with a water reservoir, and

after completing the above procedures, the valves are

opened to allow water inflow to saturate the soil sample.

By keeping the sample connecting to the atmospheres air

through the top channel, the water reservoir is lowered to a

certain level to apply suctions (four tests with 2, 2.5, 3 and

4 kPa suction values are applied in this study). It takes

approximate 20 min to reach the equilibrium state after

applying suction. Evaporation and room humidity have

little effect on the test as there is no obvious change of

water level during the test.

X-ray CT scans are performed at different strain stages

(0, & 2, & 5, & 10 and & 15%) when the axial

loading is ceased by pausing the micro-step motor motion.

For keeping fully drained conditions of sample, the loading

rate is set as 2.5 9 10-4 s-1. Generally, CT slices with

high image resolution could be regarded as good CT

scanning results, which requires either a small focused area

or a large number of scanned positions (therefore longer

scanning time). The in situ miniaturized trixial shearing CT

scanning tests were conducted by using the micro-focus

X-ray CT in Laboratoire 3SR, Grenoble, and the adjusted

same CT scanning parameters were used for each scan. The

applied voltage is 100 kV at 10 W power. A region of

interest (ROI) in the middle part of the sample with 1.2 cm

long and 1 cm in diameter is taken to perform the X-ray CT

scans (2 h per scan). The obtained image resolution is

9 lm/pixel, which is close to the best resolution of this

experimental system (the micro-CT scanner combining

with mini-triaxial device).

3 Image analysis methodologies

3.1 Image trinarization

The series of raw X-ray projections obtained from the

micro-CT scans are then reconstructed into greyscale CT

slices before image processing. The three-dimensional

Fig. 1 a Grain size distribution of the tested sand; b water retention curve of the tested sand
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sample is represented in the form of a two-dimensional

(2D) slices stack. Each voxel (pixel in 2D slices) has a

particular grey level, which is associated with its repre-

senting phase (air, water or solid).

This is because objects with different densities have

different attenuation effects on the X-ray beams penetrat-

ing them, resulting the greyscale CT images which show

different greyscale levels for each phase representing

Fig. 2 a The miniaturized triaxial device; b the X-ray scan set up; c 10 mm length ROI studied in this paper
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different substances. Figure 3 shows the grey-level distri-

butions of the scanned soil sample with different axial

strain at different suctions states, and the three peaks are

air, water and soil grain, respectively. The peak represented

by solid phase is comparatively steady for different suction

values; nevertheless, there is an evident trend that the peak

is represented by air phase gradually lifting with the

increase in suction and the liquid-phase peak oppositely

decreasing at the same time. The process of drainage and

air entrance could be directly reflected by this fluctuation of

the two corresponding phases. The three phases are gen-

erally in normal distributions, but there are overlaps due to

the noise generating in CT scanning process and partial

volume effects (PVE) existing at the boundary between

different phases, which could directly affect the accuracy

of result about segmentation.

After X-ray projections reconstruction, all the obtained

raw greyscale CT slices were registered to a same coor-

dination system and the image dimension of the entire field

of view is 1500 9 1500 9 1350 (x*y*z) voxels. Then, the

open-source software ImageJ is employed to pre-process

the raw CT images with the same operation steps and

parameters to ensure that the grayscale distribution of each

group of adjusted raw images is in a close grey-level range,

and the corresponding grayscale range of the three-phase

peaks in each group CT images remains highly consistent.

The commercial software Avizo-2019 is used to complete

the image trinarization (Fig. 4 shows the process of tri-

narization, and Fig. 5 displays the trinarized result of the

sample at s = 2 kPa and e & 2% as an example) and series

of subsequent analysis. Initially, a non-local means filter is

applied for noise reduction with preserving edge between

two different phases before image trinarization and the

subsequent image information analysis. The filtered grey-

scale images with smoothed phase interior and preserved

edge are segmented into three phases (soil grains, water

and air) to generate 3D trinarized images by utilizing a

seeded watershed algorithm, in which seeds of the three

phases are generated by setting the partial threshold based

on selecting the grey value of the range near the corre-

sponding peak value of the three phases in grey-level dis-

tribution histogram. The greyscale gradient images are

used to define the boundary between any two neighbouring

phases, as constraints for the three-phases segmentation.

The phase classification error caused by PVE can be

effectively avoided by this segmentation method, which

improves the accuracy of subsequent images analysis.

Evolutions of void ratio and degree of saturation of the

sample during the triaxial compression test can be mea-

sured by the trinarized 3D CT images. The trinarized 3D

images provide an alternative and mutually independent

way for measuring the volumes of the three phases within

the specimen, those volumetric parameters (i.e. Vt—total

volume, Vv—pore volume, Vs—solid-phase volume, Vw—

liquid-phase volume, Va—air-phase volume) can be

obtained directly by counting the number of voxels of each

phase. Meanwhile, summing the relevant number of voxels

in each phase can calculate the degree of saturation Sr-
= Vw/Vv and the void ratio e = Vv/Vs.

3.2 Labelled analysis of sand particles and water
clusters

The 3D trinarized images are used to extract the solid phase

(soil grains) and the liquid phase (water) for labelled

analysis. For solid phase, it is segmented from the trinar-

ized images and converted it to a binarization form (in-

cluding only solid grains and voids). The soil grains with

adhesion zone (inter-particle contacts) in binary image of

the extracted solid phase are then ‘separated’ into isolated

particles by Avizo. This command module is a high-level

combination of watershed, distance transform and numer-

ical reconstruction algorithms, which could be used to

detect and remove the adhesion zone (inter-particle con-

tacts) between the particles. Later, soil particles are label-

led and each particle is allocated a unique identification

(ID) and a colour. More information about each grain (i.e.

the ID number of particles, the centre of mass, 3D volume,

3D area, equivalent diameter, etc.) are obtained by using

the tool ‘Label Analysis’. The equivalent diameter is the

diameter of a sphere which has the same volume of the

concerned particle. Figure 6a details solid-phase process-

ing steps in 2D for simplicity, although the real process is

3D.

According to the equivalent diameter information of soil

particles obtained from CT image analysis, the particle size

distribution curve is drawn in Fig. 7a. The shape and trend

between the curves representing soil particle size sieveFig. 3 Grey-level distribution histogram
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analysis result and CT image analysis results are both quite

close, which verifies the methods of solid phase segmen-

tation and soil grain separation. Nevertheless, there is an

inevitable difference existing in those groups that the

equivalent particle diameter curves of the CT image anal-

ysis group are slightly larger comparing with the sieve

analysis curve. During the process of sieving soil grains,

errors may exist when classifying soil grains with long and

narrow shapes (within the roundness range of standard Mol

sand), because slender particles may go through the screen

mesh and drop into next level sieve. However, the

approach to obtain the equivalent diameter of each grain

base on the labelled CT images of soil particles is by

converting the separated soil grain to the equivalent vol-

ume sphere, further utilizing the diameter of equivalent

volume sphere as the equivalent diameter of corresponding

particles. Meanwhile, a small amount of soil grains with

tightly large inter-particle contact area existing in pairs

have the possibility of being misclassified. Those above

mentioned conditions reflect the reason why the particle

size distribution curves measured by CT image analysis are

slightly larger than the sieve analysis curve.

The image processing approach for labelling water

clusters is similar to labelling solid particles but without the

comprehensive watershed algorithm module approach.

Firstly, the liquid phase is extracted from the whole 3D

volume of trinarized images. Then, water clusters are

labelled by using ‘Label Analysis’ command, and labelling

process can be summarized as giving each individual water

cluster an identification (Id). This Id is represented in the

images by different colours (i.e. each colour represents a

specific water cluster). Figure 6b illustrates liquid-phase

processing steps in 2D.

3.3 Detection of inter-particle contacts

According to the result of the soil particle segmentation, a

marker-based watershed algorithm is performed on the

filtered greyscale images and binary images, which could

obtain the watershed lines of solid phase and further extract

the inter-particle contacts. Additionally, the binary images

of solid phase are filtered by applying the opening opera-

tion (including erode and dilate on phase boundaries) to

clear the isolated small volumetric noisy voxel points

generated in the hysteresis thresholding process. The

extracted contacts are efficiently obtained by performing

the arithmetic operation between the binary images of the

solid phase and the binary images of the watershed lines.

There are two situations of the position between the

solid phase and the watershed lines in the superimposed

images, overlapping and separation. When a watershed line

pass through the overlapping zone between any two

touching particles in the binary images, it could be regar-

ded as the location of the contact of the two touching

particles being detected by watershed lines successfully.

Nevertheless, if any two neighbouring particles are iso-

lated, the watershed lines pass through the inter-particle

voids. The detection and extraction process of the inter-

particle contacts is illustrated in Fig. 8.

Then the extracted contact areas (in voxels) are analysed

by the ‘Label Analysis’ command just as the analysis of

individual particles. Each extracted inter-particle contact is

labelled and the morphology information of the contact

Fig. 4 Process of image trinarization of the three-phased material: a raw CT image; b filtered CT image; c greyscale gradient image; d partial

thresholding image; e trinarized image
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(i.e. the ID number, the centre of mass, 3D volume, the 3D

thickness of the contact, the vector of the 3D thickness,

etc.) are obtained. The 3D thickness is determined as the

largest segment that touches the object by its end points

and lying in a plane orthogonal to both the maximum 3D

Feret diameter (length 3D) and the breadth 3D diameter.

Meanwhile, the orientations of the extracted inter-par-

ticle contacts are determined by the angle u between the

normal vector and the z-axis, the 3D thickness obtained by

applying ‘Label Analysis’ command conforms to the def-

inition of the normal vector of the contact area, and

therefore, the coordinate information of the 3D thickness is

Fig. 5 Selected trinarized image for the triaxial sample at s = 2.0 kPa, e & 2%, a reconstructed 3D greyscale model and the selected locations;

b trinarized vertical central slice; c greyscale horizontal slices; d trinarized horizontal slices
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capable of computing the normal vector of the contact. And

the approach of determining the extracted inter-particle

contact orientation is illustrated in Fig. 9.

3.4 Determination of interfacial area

The representative volume element (RVE) method is uti-

lized to quantify the local information by meshing samples

into cubic RVEs, and choosing the 110 pixels (&1 mm) as

the RVE length to mesh the sample into cubic elements. A

full description of the image processing about determina-

tion of the RVE size can be found in a previous work by

Wang et al. [41].

The interfacial areas of the segmented trinary images

can be calculated by following the algorithm of Dalla et al.

[9]. In MATLAB, the isosurface function is employed to

convert the surface of a phase originally formed by cubic

voxels into a smoother surface. The surface areas of the

solid phase, the wetting phase (water) and the non-wetting

phase (air) are firstly calculated from the trinarized images,

and then the specific air–water interfacial area aaw can be

calculated as Eq. (1):

aaw ¼ 1

2
an � as þ awð Þ ð1Þ

and the specific solid–water interface area asw can be cal-

culated as Eq. (2):

asw ¼ 1

2
as � an þ awð Þ ð2Þ

where an is the specific surface area of the non-wetting

phase (air), as is the specific surface area of the solid phase

and aw is the specific surface area of the wetting phase

(water) (specifically see Fig. 10).

3.5 Determination of coordination number

The evolution of inter-particle contacts such as coordination

number (CN) is a fundamental aspect for characterizing the

change in microstructures. The inter-particle contact occur-

rence is detected by following a similar concept of charac-

terizing pore connectivity. Firstly, the binary images of the

solid phase are imported into a pore network modelling

(PNM)module with the graphic information of voids and the

unseparated soil particles with adhesion areas (inter-particle

contacts) being included. Then these unseparated soil parti-

cles are regarded as the ‘pores’ originally defined in the PNM

module for analysing the coordination number (CN) of each

soil particles. And the inter-particle contact zones are

regarded as the ‘pore throats’ in the PNM module.

It should be noted that the same comprehensivewatershed

algorithm for separating grains as mentioned above in

Sect. 3.2 is also applied in the PNM module to perform soil

particles segmentations inside the solid phase. Therefore, the

output labelled images of the two operations show high

similarity, and the difference of them is whether containing

the adhesion zone (the red extracted inter-particle contacts in

Fig. 11a) between grains in the output image. Figure 11b

and c displays the labelled image results of separated grains

Fig. 6 a Labelled sand particles; b labelled water clusters
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and segmented solid phase, respectively. Those figures revel

the inter-particle contact area is not eliminated, and the

adhesion zone between grains is remained during the coor-

dination number analysis in PNM module. Actually, the

obtained CN data are defined by counting the number of

contacts per particle, and the technical method of PNM

module in Avizo software is utilized to achieve statistics

about the value of CN.

4 Macroscopic and microscopic behaviours

4.1 Macroscopic behaviours

Figure 12a depicts the evolution of deviatoric stress of the

Mol sand sample during the triaxial compression test under

four different suction conditions and a constant confine-

ment of 16 kPa, and the behaviour of a dry sample is also

presented as a reference. The soil sample is scanned at five

different strain stages (i.e. the axial strains e is approxi-

mately of 0%, & 2%, & 5%, & 10% and & 15%),

and the scanning points are marked in Fig. 12a.

The strength for each suction is considered as the

maximum deviatoric stress reached by each curve. This

strength is maximum (q = 70 kPa) for an intermediate

suction level (s = 2.5 kPa) at a deformation of around

10%. Generally, the unsaturated samples have higher

material strength. For the specimens subjected to the suc-

tion of 4 kPa, the quantity of water stored in the meniscus

after water drainage is not strong enough to produce a

significant strength enhancement, so the curve represented

Fig. 7 a Comparison of particle size distribution curves between sieve analysis and CT image analysis; b reconstructed 3D soil grains model;

c labelled 3D reconstruction soil grains model
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by s = 4 kPa is quite close to the reference curve of the dry

sand.

Then, during triaxial shearing, the evolutions of the void

ratio and degree of saturation with axial strain are pre-

sented in Fig. 12b and c, respectively. Loading-induced

deformation leads to the volume of void increase (due to

dilatancy upon shearing) and water desaturation within the

sample. Consequently, the samples under different suction

controlled conditions all showed an increasing trend in

void ratio and a decreasing trend in degree of saturation. It

can also be seen that after shearing (axial strain e & 10%

and 15%) the increase in porosity slows down and stabi-

lizes. The dilatancy is more obvious in the test under a

higher suction, as the void ratio increase during the triaxial

loading is higher.

In Fig. 12c, with the increase in the applied suction and

the growth of the axial strain, the overall trend of degree of

saturation is in decreasing. As can be seen from the lower

suction value state, the initial and final degrees of satura-

tion values are both higher. This indicates that water inside

the sample is drained during the triaxial shearing process,

with the total sample volume expanding and the porosity

being enlarged, which is directly shown in Fig. 13. It can

also be seen that there are more water drains out in samples

Fig. 8 Determination of inter-particle contacts, a illustration of soil particles with contact; b illustration of inter-particle contact area;

c reconstruction 3D model of soil particles with inter-particle contact after X-ray CT scanning

Fig. 9 Determination of contact orientation

Fig. 10 Illustration of the phases interfacial area
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with lower suction. And at the final stage, the degree of

saturation curves tends to be stable, which is similar to the

stabilized trend in the void ratio curves.

4.2 Evolution of water clusters

The process of extracting and labelling liquid phase is

shown in Sect. 3.2, which is very useful to refer to any

water cluster directly by its Id number. Further information

of each labelled water cluster (i.e. the ID number of par-

ticles, the centre of mass, 3D volume, 3D area, equivalent

diameter, etc.) can be obtained based on the labelled water

clusters images. The obtained information is used to plot

liquid cluster size distribution, which is similar in concept

to the particle size distribution. It represents the relation

between cluster dimension and the cumulative volume of

the clusters. And the evolution of water cluster size

Fig. 11 The comparison between soil particles separation and solid

phase segmentation, a solid phase binary image with extracted inter-

particle contacts; b separated and labelled solid phase image;

c segmented and labelled solid phase image in the PNM module

Fig. 12 a Relationship between axial strain and deviatoric stress;

b relationship between axial strain and void ratio (based on image

analysis of the sample); c relationship between axial strain and degree

of saturation (based on image analysis of the sample)
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distributions at different strain state during triaxial tests

under various constant suction conditions from 2.0 to

4.0 kPa is plotted in Fig. 14. For each water cluster size

distribution curve, there is an isolated point located on the

upper right corner in these four figures which is not con-

tinuous with the main curves indicating there is a large

volume liquid cluster.

The test starts from a nearly saturated specimen where

the water phase basically presents as one whole large

cluster. When different suction is maintained (from s = 2.0

to 4.0 kPa) and the axial strain is continuously applied

(from e = 0 to e & 15%), the big water cluster divides into

smaller clusters and thus the number of clusters increases;

meanwhile, the equivalent volume of the largest water

cluster inside sample decreases as the controlled suction

increases. In Fig. 14, both the uplift of the continuous

distribution curves representing the splitting of large water

clusters into smaller ones and the decrease in the isolated

points representing the largest water clusters are graphi-

cally expressed.

Under 2.0 kPa and 2.5 kPa suction conditions, the

quantity of small clusters rises with the axial strain

increasing, and at the same time the saturation of the

sample decreases but strength of the sample grows corre-

spondingly. As the suction is being increased, the propor-

tion of small clusters continues to increase and it reaches a

maximum value at s = 3.0 kPa; approximately half of

water volume is discontinuous in the form of small water

clusters when the specimen is sheared. During the triaxial

shearing process, the quantity of small-volume water

clusters or water bridges existing in inter-particle zones

increases, which results in the uplift of the continuous

Fig. 13 Trinarized horizontal cross section at initial and peak strength (e = 0% and e & 10%): a s = 2.0 kPa; b s = 2.5 kPa; c s = 3.0 kPa;

d s = 4.0 kPa
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distribution curves and be capable of contributing more

strength on soil sample.

Later the proportion of the small clusters remains

stable at s = 4.0 kPa upon axial strain as the specimen gets

Fig. 14 Evolution of water cluster size distributions at different suction and strain conditions: a s = 2.0 kPa; b s = 2.5 kPa; c s = 3.0 kPa;

d s = 4.0 kPa, e evolution of large water clusters during the mini-trixial shearing test
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almost drained during desaturation after applying suction

(Fig. 14d). For the specimen under 4.0 kPa suction, except

for the initial state, at each axis strain state during triaxial

shearing has similar degree of saturation and there is little

difference in strength comparing to the dry sample. The

small-size water clusters inside the specimen are mainly

the water film adsorbed on the surface of the soil particles,

and the quantity of liquid bridges is insufficient. Therefore,

the strength of the sample cannot be significantly enhanced.

In Fig. 14e, the evolution of large-volume water clusters

during the mini-trixial shearing test is illustrated, in which

it could be intuitively observed that the volume of large

water clusters is decreasing with the development of axial

strain. And the integrated variation tendency about the

evolution of large-volume water clusters is corresponding

to the decreased degree of saturation in Fig. 12c, which

could be interpreted as the largest volume water cluster in

sample occupying higher than 50% of total volume of

liquid phase.

During the triaxial shearing process, the volume of the

largest liquid clusters decreases correspondingly, and the

quantity of small-volume liquid clusters in the liquid bridge

increases. The main factor affecting the overall unsaturated

strength of the sample is the small-volume liquid bridge

and liquid cluster inside shear band.

4.3 Evolution of interfacial areas

In this paper, the interfacial area values are not only

obtained from globally measuring for the whole specimens,

but also measured locally based on the RVEs. The specific

interfacial area is defined has the total air–water interfacial

area divided by the total volume. The evolution of the

global value of this specific interfacial area (for the full

investigated domain) as a function of axial strain and

degree of saturation is illustrated in Fig. 15a. It demon-

strates a decreasing trend with the degree of saturation

increase (induced by a lower maintained suction). And with

the development of shear strain, the specific air–water

interfacial area curve becomes lower, indicating that the

air–water interfacial area is smaller when the sample

density becomes lower even at the same degree of satura-

tion. Meanwhile, Fig. 15b depicts the relationship between

the ratio of wetted solid surface (solid–water interface

normalised by the total solid phase surface, noted as vsw)
and degree of saturation. It shows that the ratio of wetted

solid surface decreases as the degree of saturation decrea-

ses (a higher applied suction value) and the curve is gen-

erally higher than the Sr = vsw reference line. It can also be

seen that the loading stage has little effect on the ratio of

wetted solid surface.

Due to the heterogeneous phenomena of the porous

media and the water phase, degree of saturation and the

interfacial areas are various in different RVEs. Since the

local RVEs cover the full range of degree of saturation and

porosity, the local quantities may lead to a more compre-

hensive understanding. Figure 16 graphically expressed the

relationship between the specific air–water interfacial area

and the local degree of saturation for all RVEs. Comparing

to the relatively monotonous trend between the two global

parameters in Fig. 15a, it shows that the specific air–water

interfacial area has a rising and then decline trend with

degree of saturation increase. The peak value appears

between 20 and 40% of saturation as there are more water

meniscus in this range. Under each controlled suction

condition, at the initial state (e = 0%), the degree of satu-

ration of the sample is relatively high and there are more

RVEs filled with water. And at the end state after shearing

(e & 15%), the sample porosity is reduced and there are

more water drains out from the RVEs leading the group of

RVE data moving to the left.

The four graphs in Fig. 17 present the relationship

between the ratio of wetted solid surface and the local

degree of saturation for each RVE in samples. It can be

seen that the wetted solid surface of each RVE is higher

with the increase in local degree of saturation, but the

relationship is not linear. The trend corresponds to the

global curve in Fig. 15b. It is also observed that triaxial

strain does not alter the distribution trend but only shift the

data to the left. This means that after shearing there are

more big pores influencing the global degree of saturation,

however, the local ratio of wetted solid surface is mainly

determined by the local degree of saturation.

During the triaxial shearing process, the distribution of

the specific air–water interfacial area changes, but the

distribution of the ratio of wetted solid-phase grains surface

hardly changes but shifts. Nevertheless, when the unsatu-

rated granular material undergoes triaxial shear, the con-

tribution of the interface effect between phases to the

unsaturated strength is not stable.

4.4 Evolution of coordination numbers

Figure 18 displays the evolution of mean coordination

number (CN) of the sand samples during triaxial com-

pression under four different suction conditions. In each

suction controlled triaxial test, the mean coordination

number of inter-particle contacts shows a decreasing trend

with axial strain, which is corresponding to the increasing

trend of sample void ratio during triaxial loading in

Fig. 12b as a higher sample porosity leads to a lower

coordination number. In the post-peak deviatoric stress

stage (i.e. e & 10%–15%), the mean coordination number

of inter-particle contacts tends to be stabilized. For a higher

applied suction (a lower degree of saturation), the final

porosity is higher, and the mean coordination number is

Acta Geotechnica

123



correspondingly lower indicating that the microstructure is

relatively looser.

The frequency distributions of coordination number

(CN) of contacted soil particles at different axial strains

under each suction condition are presented in Fig. 20. Each

coordination number (CN) figure shows the similar trend

that the peak of the curve shifts to the left with the increase

in axial strain indicating that there are more particles losing

their surrounding contacts. And the peak frequency of

coordination number is higher when the mean coordination

Fig. 15 Global interfacial area evolution of the samples: a air–water interfacial area; b ratio of wetted solid surface area (solid–water interface

divided by the total solid surface)

Fig. 16 Air–water interfacial area analysis based on RVEs: a s = 2.0 kPa; b s = 2.5 kPa; c s = 3.0 kPa; d s = 4.0 kPa

Acta Geotechnica

123



number value corresponding to that curve is lower, which

is consistent with the decrease trend of mean coordination

number (CN) as the axial strain increase. As shown in

Fig. 19, the peak value occurs at CN = 8 in the initial state,

and the peak value moves to CN = 6 as the void ratio of the

samples increases until the triaxial compression finished

(e & 15%). Figure 20 compares the frequency distribu-

tions of coordination number (CN) of the soil samples at

initial state (e = 0%) and after shearing (e & 15%) under

different suction controlled conditions. In Fig. 20a, it

shows that at the initial stage (e = 0%) suction value has

little effect on the frequency distribution of coordination

number. Figure 20b depicts the final stage distribution after

triaxial shearing at e & 15%, and there is an evident

growth in the peak frequency for all suction levels but the

corresponding most frequent coordination numbers are all

decreased. It can also be observed that at the final stage a

higher suction level gives a higher peak frequency in

coordination number. This is consistent with the observed

higher dilatancy in triaxial compression when the main-

tained suction is increased.

4.5 Evolution of contact based fabric

Based on the analysis results (in Sect. 3.3) of the extracted

inter-particle contacts, the spatial position information and

normal vector of each inter-particle contact can be obtained

to study the contact fabric evolution upon triaxial loading

in unsaturated granular materials. According to the axial-

symmetrical feature of the stress on the sample, the 3D

distribution of the contact normal orientations can be

Fig. 17 Wetted area (solid–water interface) analysis based on RVEs: a s = 2.0 kPa; b s = 2.5 kPa; c s = 3.0 kPa; d s = 4.0 kPa

Fig. 18 Evolution of mean coordination number during triaxial

compression
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Fig. 19 Probability density distributions of coordination number during triaxial compression: a s = 2.0 kPa; b s = 2.5 kPa; c s = 3.0 kPa;

d s = 4.0 kPa

Fig. 20 Probability density distributions of coordination number at initial state and after triaxial compression: a ea = 0%; b ea & 15%
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converted to a 2D distribution. Each inter-particle contact

has two contact normals, which are opposite of each other.

Figure 21 illustrates all of the contact normals on a unit

sphere. The Z axis is the direction in which the axial strain

is applied. The probability of a particular contact orienta-

tion with an angle u to the z axis is estimated based on the

circle band on the unit sphere with a tiny width of Du.
The probability of a particular direction is calculated as:

PðuÞ ¼ Nu

2p cos u� Du
2

� �
� cos uþ Du

2

� ����
���NDu

ð3Þ

where Nu is the number of contact normals within the

circle band and N is the total number of contact normals

(two times the total physical contact number). With this

estimation method, the directional distribution of 3D angle

data is converted to the X–Z plane.

The directional distributions of contact normal of the

sand specimens at different axial strain under 2.0 kPa,

2.5 kPa, 3.0 kPa and 4.0 kPa suction conditions are plotted

in Fig. 22, which is used to analyse how the compressive

stresses are transmitted in granular materials in triaxial

shearing. The bin interval for the frequency calculation is

20�. It can be seen that the morphological and directional

distributions of each group are similar; however, the

probability of vertical contacts (along the Z axis) decreases

as the controlled suction of the samples increases. At the

initial state of each group, the inter-particle contacts are not

isotropically distributed, which reflects the contact aniso-

tropies already existing in the sample due to gravity and the

compaction process during sample preparation. For the

samples with suction from 2.0 to 3.0 kPa, the probability of

vertical contacts along the axial loading direction grows

and the probability of horizontal contacts decreases as the

axial strain increases, while their probabilities are basically

identical at e & 10% and e & 15%, which indicates that

the fabric anisotropies of these samples evolve to a

stable state.

Many fabric tensors have been proposed to characterize

granular materials in terms of various directional data, such

as contact normal vectors, particle orientations and void

spaces. In order to express all orientations statistically, a

fabric tensor is commonly used. The contact orientation

moment tensor can be calculated by taking an average of

the self-tensor product of the unit vector of the inter-par-

ticle contact normals [19]:

Nij ¼
1

Nc

X
c2V

n� n ð4Þ

where Nc is the total number of inter-particle contacts and

n is the unit vector of the contact orientation.

The anisotropy of a tensor is normally indicated by its

deviatoric part. Then the deviatoric tensor of contact nor-

mals is calculated as:

Dij ¼
15

2
Nij �

1

3
dij

� �
ð5Þ

The anisotropy degree of contact fabric can be defined

as the square root of the second tensor invariants of the

above deviatoric tensor,

A ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D11 � D22ð Þ2þ D11 � D33ð Þ2þ D22 � D33ð Þ2

h i.
2

r
:

Figure 23a shows the evolution of anisotropy degree A of

the four triaxial tests under different suction conditions.

There is an obvious increase in fabric anisotropy upon

triaxial shearing, and the anisotropy degree tends to be

stable at large strain stages.

Under each suction condition, the contact orientation

anisotropy at the initial state is almost concentrated nearly

0.15, except for the anisotropy of initial state under the 4

kpa suction condition (its anisotropy is slightly higher than

0.20). The anisotropy of the samples under each suction

condition begins to increase rapidly as the triaxial shear

progresses. And after the peak strength at e & 10%, the

degree of anisotropy becomes stable or decreases slightly.

For the phenomenon that the anisotropy of the samples is

not close to 0 at the initial state, grain shape effect and

compaction process under gravity may be considered as

possible reasons. The tested Mol sand grains are basically

in angular shape and the samples are prepared in a mold

with compaction process before saturated, and this may

lead to an obvious fabric anisotropy [39].

Figure 23b shows the change of anisotropy from its

initial state in percentage. The suction effect on the ulti-

mate change of anisotropy has a rise and fall trend as the

sample with middle suction value (2.5 kPa) has the most

significant anisotropy change while the sample with 4 kPa
Fig. 21 Principal directions on the unit sphere
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has the lowest effect. The evolution of contact orientation

anisotropy with axial strain basically resembles the axial

strain–deviatoric stress curves (Fig. 12a). As for sandy

soils, higher suction is not always increasing the material

strength (it has small cohesion when it is nearly dried). And

from the microscopic point of view, a stronger material can

sustain a higher fabric anisotropy, that is why the sample

with 2.5 kPa suction peaks the anisotropy value.

4.6 The anisotropic feature of suction induced
stress

For unsaturated soil, the effective stress, initially proposed

by Bishop, can be expressed as the net stress plus a stress

term contributed by suction as:

r
0

ij ¼ rij þ uadij þ vij ua � uwð Þ ð6Þ

where the Bishop’s coefficient is recently regarded as a

tensorial form of vij by considering that the effect of suc-

tion may not be isotropic due to the anisotropic solid

skeleton and the non-uniform water distribution.

Microscopically, for a small RVE, we may deduce the

effective stress by subtracting the stress terms induced by

pore air pressure ua acting on the non-wetted solid surface

Ssa, pore water pressure uw acting on the wetted surface Ssw

and the interfacial forces Ti acting on the solid–water–air

triple lines lswa from the total stress rij:

r
0

ij ¼ rij �
3

S

Z

Ssa
uaninjdS�

3

S

Z

Ssw
uwninjdS

� 3

S

Z

lswa
�Tinjdl ð7Þ

where S is the solid skeleton surface area and ni is the unit

vector normal to the solid surface on the acting point. Then

Fig. 22 Directional distribution of contact orientations: a s = 2.0 kPa; b s = 2.5 kPa; c s = 3.0 kPa; d s = 4.0 kPa
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it can be derived as the following format by taking

Sdij ¼
R
Ssa ninjdSþ

R
Ssw ninjdS:

r
0

ij ¼ rij � uadij þ
3ðua � uwÞ

S

Z

Ssw
ninjdSþ

3

S

Z

lswa
Tinjdl

ð8Þ

Combining with Eq. 6, the tensorial Bishop’s coefficient

can be written as:

vij¼
3

S

Z

Ssw
ninjdSþ

3

Sðua � uwÞ

Z

lswa
Tinjdl ð9Þ

in which the first term is related to the wetted solid surface

and the second term is related to interfacial surface tension

force as well as the suction level. Due to the limitation of

image resolution (9 lm/pixel in this study), it is still not

easy to detect the directions of the interface on the solid

surface. Furthermore, it can be easily deduced that the

anisotropy of the second term is related to the wetted

surface (the first term). In this study, we mainly discuss the

anisotropic nature of the water phase based on the CT

image evidence; therefore, only the first term (the wetted

area) is considered to measure vij. Based on the CT images,

the tensorial form of Bishop’s coefficient can be simplified

as:

vij �

3Ssw11
S

3Ssw22
S

3Ssw33
S

2
666664

3
777775

ð10Þ

where Ssw11 , S
sw
22 and Ssw33 are wetted solid phase pixels normal

to the three principle directions, respectively, and S is the

total surface pixels of the solid phase in the three-dimen-

sional CT images. Similar to anisotropy degree of solid

contacts, the anisotropy in suction and the ‘Bishop’s

coefficient’ can be defined from the deviatoric part of vij as
follows:

Aw ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3J2

vij
vii

� 1

3
dij

� �s
¼

ffiffiffi
3

2

r
vij
vii

� 1

3
dij

����
���� ð11Þ

Figure 24 depicts the evolution of the Bishop’s coeffi-

cients calculated from the CT images in the three principle

directions of the four tested samples. It can be seen that

although the v values in the three principle directions are

similar before triaxial test, the discrepancies of v between

the first principle direction and the two other principle

directions are enlarged upon triaxial loading. The v values

in the middle and minor principle directions, in which the

confining pressures are maintained, are always the same.

Figure 25 presents the evolutions of the mean and the

degree of anisotropy of the tensorial form of Bishop’s

coefficient, which are estimated from the three dimensional

CT images. In Fig. 25a, the mean value of Bishop’s coef-

ficient, which is associated to the percentage of wetted

solid surface area, is reduced by higher suction. It can also

be seen that the mean v value is also reduced by triaxial

shearing which is coincide with the decline trend of degree

of saturation in Fig. 12c. In Fig. 25b, the evolution of

degree of anisotropy in vij is depicted. It can be seen that

with the decrease in degree of saturation (increase in suc-

tion) the initial anisotropy effect of suction is increase. And

with the development of triaxial strain, the effect of ani-

sotropy in suction becomes even more significant, which is

induced by the liquid phase migration during the triaxial

deformation. The trend also indicates that with a lower

degree of saturation the water phase is more likely to

present as an anisotropic effect.

Fig. 23 The anisotropic of contact orientation fabric: a evolution of

contact orientation fabric anisotropy; b percentage of contact

orientation fabric anisotropy change
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5 Concluding remarks

A self-designed suction-controlled mini-triaxial device is

developed in which the sample size is miniaturized and the

cell is made of transparent Plexiglas. With this device,

unsaturated sands can be tested under different suction

levels while X-ray CT scanned images are implemented at

different loading stages. The obtained image resolution is

down to 9 lm/pixel under the scan of a 100 kV X-ray

source under 10 W power. After image 3D reconstruction,

image trinarization, label analysis, contact detection, and

other customized image analysis and calculation, the

micro-mechanisms of unsaturated granular soils upon tri-

axial shearing can be investigated.

The unsaturated fine sand shows a dilation behaviour

during triaxial shearing. In unsaturated samples, the

strength and dilatancy are higher than those of the dry

material. It is also observed that the material strength is not

monotonically increased by suction increase which means

there is an optimal suction/degree of saturation

(s = 2.5 kPa in this case).

During the triaxial loading, as the solid structure

becomes looser, the observed inter-particle contact coor-

dination number is also in a decline trend until a steady

state at large strain states. The sample with s = 2.5 kPa,

which has the highest strength, also has the highest coor-

dination number. Fabric anisotropy of the solid structures

can also be quantified based on the inter-particle contact

normal. Due to the gravity effect and the compaction

procedures in sample preparation, there is a significant

initial fabric anisotropy in all samples and the triaxial

loading, however, enlarged the anisotropy. The sample

with s = 2.5 kPa, in which the capillarity effect is the

strongest, has the largest loading induced fabric anisotropy.

Water drains out after triaxial shear if suction is main-

tained. As the shear band develops, the volume of the

largest liquid clusters decreases correspondingly, and the

quantity of small-volume liquid clusters in the liquid bridge

increases. Triaxial loading also shifts the distributions of

inter-facial areas. The maximum air–water interfacial area

appears in 20% to 40% degree of saturation and a higher

suction level also gives more interfaces.

The effective stress definition can be re-interpreted

microscopically based on small RVEs. Associated to the

anisotropic solid structure and the heterogeneity nature of

the water phase, the suction-induced stress component is

not an isotropic term. The tensorial form of Bishop’s

coefficient can be roughly estimated from the CT images

Fig. 24 Bishop’s coefficient in three principle directions: a s = 2 kPa b s = 2.5 kPa c s = 3 kPa d s = 4 kPa
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and the anisotropic effect is proved. The degree of aniso-

tropy in the suction stress term is increased with triaxial

loading and the anisotropy of the water phase is more

obvious in samples with a lower degree of saturation in

which there are more isolated water bridges around solid

contacts.
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Géotechnique 60:913–925. https://doi.org/10.1680/geot.8.P.002
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Experimental micromechanics: grain-scale observation of sand
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