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ABSTRACT: This general report summarizes the thirty-five contributions on unsaturated soils that were submitted to the Discussion 
Session of TC 106, Unsaturated Soils, at the 19th International Conference on Soil Mechanics and Geotechnical Engineering held in 
Seoul in September 2017.  Various topics from fundamental issues to practical applications related to unsaturated soils will be 
discussed in this Session. In this general report, contributions to the Session are categorized into four groups: Fundamental 
Characteristics, Interpretation of SWRC (Soil water retention characteristics), Engineering Applications and Practical Design and Prot
ocols.  They are then summarized to help and encourage constructive discussions at the Session during the Conference.  Finally, 
a theoretical framework of unsaturated soil mechanics is briefly discussed following the logical structure of continuum mixture 
theory. 

RÉSUMÉ : Ce rapport général résume les trente-cinq contributions sur les sols non saturés qui ont été soumises à la session de discussion 
de TC106, sols non saturés, lors de la 19e Conférence internationale sur la mécanique des sols et l'ingénierie géotechnique tenue à Séoul 
en septembre 2017. Divers sujets, allant des questions fondamentales aux applications pratiques liées aux sols non saturés, seront discutés 
lors de cette session. Dans ce rapport général, les contributions sont réparties en quatre groupes: Caractéristiques fondamentales, 
Interprétation de SWRC (Caractéristiques de rétention d'eau du sol), Applications d'ingénierie ainsi que Conceptions et protocoles 
pratiques. Ils sont ensuite résumés pour faciliter et encourager les discussions constructives à la session pendant la Conférence. Enfin, 
basé sur la structure logique de la théorie des milieux continues, un cadre théorique de la mécanique des sols non saturés est brièvement 
discuté. 

KEYWORDS: unsaturated soils, fundamental characteristics, SWRC, engineering application, practical design and protocols 

 

 
1  INTRODUCTION 

Thirty-five papers on ‘Unsaturated Soils’ are presented to the 
Discussion Session organized by the Technical Committee 106, 
Unsaturated Soils, at the 19th International Conference on Soil 
Mechanics and Geotechnical Engineering which was held in 
Seoul, 2017.  A broad range of topics are covered in these 
papers which were submitted by researchers and engineers 
around the world, including Asia, Oceania, Europe, North and 
South America, and Africa, revealing that unsaturated soils are 
one of the major themes in the fields of soil mechanics and 
geotechnical engineering. 

Table 1 lists the papers taken up in this Discussion Session. 
These papers are classified into four categories for the 
convenience of summarizing the contents of the papers and an 
attempt to clarify the key points is made through taking an 
overview of their contents. And at the end of this report, for the 
purpose of understanding unsaturated soil behavior, the 
theoretical structure of unsaturated soil mechanics is examined 
based on the continuum mixture theory, and the peculiarity of 
unsaturated soil mechanics is discussed to identify challenges to 
theoretical systematization. Also a particular focus is placed on 
the theoretical role of soil water retention characteristics, which, 
as is obvious from Table 1, attract much attention and 
characterize unsaturated soil mechanics. Though unsaturated 
soil mechanics is a theoretical system for a specific matertial of 
unsaturated soil, the wish of this work is that unsaturated soil 
mechanics will grow into more than a theoretical system for 
geotechnical engineering and eventually acquire universal 
applicability to other different fields. 
 
2 CONTRIBUTIONS TO UNSATURATED SOILS 
 

The papers listed in Table 1 are classified into the following 
four categories: Fundamental characteristics, Interpretation of 
SWRC (soil water retention characteristics), Engineering 
application, and Practical design and protocols, to summarize 
the main points of their arguments. 
 
2.1  Fundamental characteristics 
 
This section takes an overview of papers on unsaturated soil 
physics, which elucidates the physical and chemical properties 
of unsaturated soils, interactions between the components of 
unsaturated soils like pore water and pore air, their actions and 
effects on the whole unsaturated soil.  Also the resaerches on 
the development of measuring techniques necessary to observe 
the abovementioned properties and phenomena are introduced. 

In a paper (No. 8) that finds relevance between the physical 
state quantities and electrical properties of coarse-grained 
materials, a large coaxial cell was developed to measure the 
frequency dependent relative complex permittivity of coarse-
grained materials. The paper reveals that three types of 
compacted coarse-grained materials approximately equal in dry 
density but different in volumetric water content differ in 
frequency dependency, depending on their volumetric water 
content. 

Regarding kaolin with a high degree of saturation, Paper No. 
13 investigates desaturization and changes in dielectric 
properties due to pore water evaporation. The experiment uses a 
sodium chloride solution as pore water. While evaporation 
causes the gravimetric moisture content to decrease 
exponentially with time, the experiment shows that the rate of 
the decrease varies depending on the saline water concentration 
and becomes faster with a lower saline water concentration.  

- 1113 -



  Proceedings of the 19th International Conference on Soil Mechanics and Geotechnical Engineering, Seoul 2017 

 Table 1. Contributions to the Discussion Session of TC106 
 

No. Authors Country Title of the paper Selected Keywords 

1 Imre et al. Hungary Properties of sand mixtures with identical entropy 
coordinates Grading curve, SWRC 

2 Haeri et al. Iran A hydro-mechanical model for the unsaturated behavior of 
lime-stabilized collapsible soils

Lime stabilization, Hydro-
mechanical model 

3 Kim & 
Rahardjo Korea Stability analysis of unsaturated soil slopes based on 

deformation characteristics
Slope stability, Shearing-
infiltration 

4 Kawai Japan Influence of soil moisture and stratigraphic structure on 
actual evaporation

Effect of mulching, SWRC & 
evaporation 

5 Daneshian et al. Iran Determination of relative permeability curve of unsaturated 
soils: a pore network modeling approach

3D pore network model, 
permeability 

6 Pilkingston & 
Bell 

New 
Zealand

Precedent-based design of cut slopes in airfall loess 
deposits, Port hills, Christchurch, New Zealand

Airfall loes soil cut slope,  
design strength 

7 Benchouk et al. Algeria Prediction of the pore water pressure under isotropic 
loading 

Numerical model, pore 
pressure 

8 Bore et al. Australia One port large coaxial cell for dielectric characterization of 
compacted partly saturated coarse grained materials

Dielectric spectroscopy, 
relaxation model 

9 Elsharief et al. Sudan Unconfined compression strength of compacted swelling 
clay soils from Sudan

Black cotton soil, UC 
strength 

10 Gallage et al. Australia Instrumented large soil-column to investigated climate-
induced ground deformation in expansive soil

Climate influence, matric 
suction 

11 Yan et al. Australia Primary imbibition curve measurement using large soil 
column test Primary imbibition, SWRC 

12 Hussein Egypt Effect of sand compaction piles on the behavior of 
expansive soil SCP, expansive soil 

13 Mishra et al. Australia Measurement of dielectric properties of Kaolin with saline 
pore fluid during dewatering

Saline pore fluid, dewatering, 
dielectric properties 

14 Ngoc et al. Australia A review on the influence of degree of saturation on small 
strain shear modulus of unsaturated soils Shear modulus, Sr 

15 Kong et al. China Influence of loading mode and flooding on in-situ shear 
strength of expansive soils by borehole shear tests

In-situ borehole test, 
expansive soil 

16 Sun et al. Czech 
Republic 

Experimental characterization of retention properties and 
micro structure of the Czech bentonite B75

Czech bentonite B75, buffer 
material, microstructure 

17 Kimoto et al. Japan 
Behavior of unsaturated sandy soil during triaxial 
compression tests under fully undrained conditions and its 
modeling 

Constitutive model, 3 phase 
mixture, FEM 

18 Monnet et al. France Un modèle de courbe de rétention pour les sols non saturés 
à granulométrie étendue Physical model for SWRC 

19 Bicalho & 
Gonçalves Brazil Important factors in the prediction of the soil-water 

retention curves of different unsaturated soils
SWRCC, hydraulic 
conductivity 

20 Haghighi et al. Iran Thermo-hydro-mechanical behavior of fractured 
unsaturated porous media

Cohesive crack model, pore 
pressure distribution 

21 Komolvilas & 
Kikumoto Japan 

A series of fully undrained cyclic loading simulation on 
unsaturated soils using an elastoplastic model for 
unsaturated soils

Cyclic loading, elastoplastic 
modelling 

22 Mukunoki et al. Japan Image analysis of LNAPL recovery in sand due to injecting 
water with different temperatures using X-ray CT

X-ray CT, Image processing, 
LNAP 

23 Kido et al. Japan 
Microscopic investigation of progressive changes of pore 
water distribution in shear band of unsaturated san under 
triaxial compression

Micro X^ray tomography, 
localization of pore water 

24 Tatsuoka et al. Japan Strength and stiffness of compacted cement-mixed gravelly 
soil controlled by the degree of saturation

Cement-mixed gravel, Sr, 
stiffness and strength 

25 Kim et al. Korea Implementation of rainfall time distribution for unsaturated 
soil slope instability analysis

Time distribution of rainfall, 
slope stability 

26 Mahabadi & 
Jang Korea Fluid displacement patterns in porous media – 3D pore-

network modeling
Pore network modelling, 
relative permeability 

27 Vilayvong et al. Laos Evaluation of waterdrop impact on soil detachment for a 
high suction-induced soil

Soil detachment, water drop 
impact 

28 Perez et al. Mexico The evaluation of permanent deformation of one fine-
grained soil undergoing drying and wetting

Pavement design, resilient 
modulus 

29 Nikooee et al. Netherland A grain scale model to predict retention properties of 
unsaturated soils DEM, simulation of SWRC 

30 Rahardjo et al.. Singapore Hydraulic anisotropy behavior of compacted soil Anisotropy, SWRC, 
compacted soil 

31 Mun & 
McCartney USA Effective stress analysis of the undrained compression of 

unsaturated soils 

Hilf’s equation, high 
pressure, undrained 
compression 

32 Kim & Dai USA Impacts of pore water distribution on elastic wave 
characteristics in soils

Elastic wave, pore water 
distribution 

33 Mazari et al. USA Impact of moisture variation on stiffness properties of 
compacted geomaterials

Resilient modulus, water 
content and stiffness 

34 Quaglia et al. USA Non-intrusive sensors for the hydro-mechanical 
characterization of unsaturated soils using centrifuge testing

Centrifuge test, TDR, image 
analysis, water content 

35 Eun et al. USA 
Evaluation of a bimodal soil water characteristic curve 
(SWCC) for hydrating chromium ore processing residue 
(COPR) 

SWRC parameter, chromium 
ore residue 

SWRC = Soil water retention characteristics, FEM = finite element method
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  Also, the paper investigates the electrical conductivity and air 
entry value of pore fluids and its relevance to osmotic suction.  

Paper No. 32 investigates the effect of the distribution pattern 
of pore water on the elastic wave propagation characteristics of 
unsaturated soisl. The paper shows that the propagation 
velocities, maximum amplitudes, and maximum frequencies of 
the P and S waves observed under various vertical pressures are 
influenced by the distribution pattern of pore water. It is 
surmised that the distribution pattern of pore water refers to the 
degree of saturation or the non-uniformity of water content. At 
the same time, it is considered that the dry densities are also 
distributed non-uniformly inside of the specimens. Expectations 
are placed on further investigations to clarify whether the 
differences in propagation characteristics are attributable solely 
to the distribution pattern of pore water. 

Paper No. 14 discusses the relationship between the small 
strain shear modulus and degree of saturation of unsaturated 
soil. This relationship exhibits completely different aspects 
depending on the type of soil. In the case of cohesionless soil, 
such as clean sand, there is an optimum degree of saturation at 
which the shear modulus reaches its maximum. In response to a 
decrease in the degree of saturation, the shear modulus 
increases once and then begins to decrease when the degree of 
saturation falls below the optimum degree of saturation. On the 
other hand, the soil with high clay content tends to exhibit a 
monotonous increase in shear modulus in response to a decrease 
in the degree of saturation. The paper points out that such 
differences in behavioral tendencies are under the influence of 
the van der Waals forces between particles or that of salt 
content deposited due to drying. 

Paper No. 30 performed an investigation into the anisotropies 
of the permeability and soil water retention characteristics of 
compacted sand-kaolin mixtures. Specimens of compacted soil 
samples equal in dry density but apart between the dry and wet 
sides of the range of the optimal water content were formed 
with their horizontal plane orthogonal or parallel to sedimentary 
layers. After the saturation of these specimens, a permeability 
test was conducted, revealing the anisotropy of permeability. At 
the same time, the results interestingly showed that the wet-side 
specimen had a higher degree of anisotropy. On the other hand, 
the paper argues that the soil water retention characteristic 
curves obtained by controlling matric suctions remained 
unaffected in the sedimentary layer direction but significantly 
differed in shape between the wet-side and dry-side specimens: 
while the curve for the wet-side specimen was unimodal, that 
for the dry-side specimen was bimodal. 

Paper No. 7 performs an investigation to determine the pore 
water pressure that occurs to unsaturated soil specimens during 
isotropic pressure loading and to study the applicability of the 
Hilf’s and Boutonniere’s models. The paper concludes that the 
Hilf’s model, incapable of handling negative pressures, cannot 
explain the test results very well. 

In Paper No. 31, unsaturated specimens different in the 
degree of saturation were subjected to an isotropic compression 
test under undrained conditions for both water and air to 
compare the test results with the numerically computed results. 
While the Hilf’s analysis takes into account the dissolution of 
pore air and the compressibility of pore air based on Henry’s 
law, the computed responses are examined in terms of the total 
stress and the effective stress, respectively. The isotropic 
pressure required for pore air to be completely dissolved and 
reach pressurized saturation was evaluated, revealing that the 
effective stress analysis produced a prediction closer to the 
experimental results. 

Paper No. 10 uses a relatively large-sized column test 
apparatus developed to monitor the hydro-mechanical behavior 
of expansive soil materials against the dry-wet history 
simulating climatic variations. The paper takes detailed 

measurements of the state of water in soil, suctions, and 
displacement responses. 

Paper No. 34 uses two types of non-intrusive sensors 
developed to test the swelling of expansive clay in centrifugal 
fields. One of the sensors features an improved time domain 
reflectometry (TDR) method and measures the volumetric water 
content of the side surface of a specimen without the need to be 
inserted into the specimen. The other is used in combination 
with a digital camera for capturing images of the marker 
embedded into the side surface of a specimen from outside an 
acrylic container to allow particle image velocimetric (PIV) 
analysis of the movements of the marker. The paper discusses 
the applicability of the developed sensors to swelling tests and 
presents the results of the measurement of wetting process of 
the expansive clay. 

Paper No. 23 uses micro-focused X-ray CT (MXCT) to 
observe the existence form of pore water in a shearing process 
in order to clarify the generative mechanism of shearing-
induced local deformation (shear band) in unsaturated soil. This 
measuring technique allows accurate identification of the ratios 
of the three phases (solid, liquid, and gas phases) present in a 
region. The paper shows that while the specimens contained 
many clusters of pore water present as meniscus water during 
the strain hardening process in stress and strain responses, the 
clusters decreased in number during the strain softening process 
after the peak strength was reached. The paper concludes that a 
decrease in meniscus water in unsaturated soil may also be a 
cause of strain softening in addition to localized dilatancy. 

Paper No. 35 measures the soil water retention characteristics 
of chromium ore processing residue (COPR) over a wide 
suction range. The paper presents a careful and persuasive 
argument, demonstrating that soil water retention characteristics 
vary depending on the degree of weathering, and the cause of 
the variation is attributable to the hydration reaction of minerals 
during the suction loading process. 

Paper No. 16 uses the vapor equilibrium method to clarify the 
soil water retention characteristics of Czech bentonite. In 
addition, samples of Czech bentonite freeze-dried under a 
predetermined suction load were subjected to mercury intrusion 
porosimetry (MIP) and to environmental scanning electron 
microscopic (ESME) observation under a predetermined 
suction loading condition to investigate changes in the 
microstructures. From a series of experiments and observations, 
the paper concludes that while microstructures are remarkably 
desaturated during the drying process, the sizes of micropores 
are hardly affected by suctions. This conclusion causes a stir in 
the conventional view on the microstructural deformation of 
bentonite clay materials. 
 
2.2  Interpretation of SWRC 
 
Soil water retention characteristics (SWRC) are physical 
properties that characterize unsaturated soil. These 
characteristics are described in terms of the relationship 
between the degree of saturation and suction. The SWRC 
equation plays an important role in unsaturated soil mechanics 
as a governing equation that defines the transition of the 
unsaturated state of soil. There have been several mathematical 
expressions proposed as descriptions of soil water retention 
characteristic curves (SWRCC).  

This Session includes an attempt (Paper No. 1) made to better 
describe SWRCCs based on grading curves for unsaturated soil. 
On the other hand, there are many studies designed to clarify 
the mechanism of SWRC per se. 

Paper No. 5 regards the pores of unsaturated soil as a 
structural model consisting of differently sized spheres (pores) 
and pipes (throats) connecting them and constructs a surface 
tension balance equation for spheres (Young-Laplace equation) 
and a hydrologic equation for water passing through throats in 

- 1115 -



  Proceedings of the 19th International Conference on Soil Mechanics and Geotechnical Engineering, Seoul 2017 

 order to identify the soil water retention characteristic curve 
(SWRCC) and relative permeability for the whole structure as 
solutions to boundary value problems. The paper may have left 
some room for discussion regarding the modeling of the 
geometric shapes of pore structures or the modeling of the 
water flow through throats, including the specification of 
parameters. Still, this study is an interesting approach to the 
understanding of the phenomena. 

Based on the structural arrangement of particles obtained by 
the discrete element method (DEM), Paper No. 29 proposes a 
technique for modeling pore structures consisting of voids 
(pores) and pipes (throats). Pore structure data as input 
conditions for the capillary invasion algorithm are employed 
and the water retention properties of unsaturated soils 
containing identical pore structures are evaluated. 

There is also a study (Paper No. 18) that models unsaturated 
soil as an aggregate of spheres to explain the soil-moisture 
characteristics of the aggregate from the contact force between 
spheres and the surface tension balance present in meniscus 
water between spheres. It is surmised that the model’s 
capability of producing soil-moisture characteristic curves 
differing between the wetting and drying processes is closely 
related to the irreversibility of the change in the existence of 
meniscus water. 

Paper No. 26 uses pore-network modeling for numerical 
analysis to quantitatively clarify the forms of infiltration of 
fluids into the pores of porous media. It is empirically known 
that, assuming a separated two-phase flow consisting of one 
fluid (e.g., gas) inherently present in pores and the other fluid 
(e.g., water) flowing there, these forms of infiltration depend on 
the viscosity ratio (of the two fluids) and the capillary number 
(ratio of viscous force to capillary force). The paper shows that 
the numerical analysis also allows consistent description of 
these forms of infiltration. Moreover, the paper also considers 
the effects of the throat size distribution or connectivity 
(number of throats per pore) in pore-network modeling on the 
forms of infiltration. 

According to an interesting study (Paper No. 11), the primary 
inhibition curve for a sand material completely changes its 
appearance depending on the measuring method. The paper 
uses as the measuring methods an ASTM-standardized hanging 
column method and an instantaneous profile method proposed 
by the authors. The latter is used to measure the volumetric 
water content and suction value of a relatively long specimen (2 
m long) at multiple locations along its length. This suggests the 
dependency of soil water retention characteristics on the 
specimen size. Expectations are placed on further accumulation 
of experiment data. 
 
2.3  Engineering application 
 
There are mathematical models developed for numerical 
analysis, and elaborate model tests and laboratory tests 
conducted, to understand phenomena and find engineering 
solutions to various geotechnical engineering needs. 

Based on three isotropic stress states equal in average 
skeleton stress but different in suction, a shear test under 
undrained conditions for both water and air was conducted in 
Paper No. 17 to obtain mechanical responses during the 
shearing process. Then, a mathematical model of unsaturated 
soil proposed by the authors was used to perform a numerical 
simulation. While the paper presents the performance of the 
mathematical model, it is not very clear to us why the authors 
adopted the initial average skeleton stress as a common test 
condition. Incidentally, the term “skeleton stress” was originally 
proposed by Jommi (2000) and has the same mathematical 
definition as that of a Bishop-type effective stress. The term 
“effective” tends to be avoided in its use because it is 
impossible to express the deformation behavior of unsaturated 

soils with the former stress alone. In the recent trends of 
unsaturated soil mechanics, the term “skeleton stress” seems to 
be used more and more widely. 

Paper No. 21 uses a mathematical model of unsaturated soil 
proposed by the authors to perform a cyclic shear simulation 
under undrained conditions for both water and air in order to 
demonstrate the reproducibility of the model through 
comparison with test results. The paper adopts the reduction 
ratio of mean effective stress as the indicator for the 
liquefaction resistance of unsaturated soil and discusses 
dependency of the void ratio ande the degree of saturation on it. 
According to the paper, while a soil saturated to 70% or more 
showed an almost same level of liquefaction resistance as when 
in saturated state, the soil rapidly became more resistant to 
liquefaction as it was desaturated. 

Paper No. 20 presents a coupled thermo-hydro-mechanical 
(THM) formulation for unsaturated porous media and further 
discusses how to handle unsaturated porous media containing 
inherent discontinuities such as cracks. Through the numerical 
simulation as a two-dimensional tension problem, it is shown 
that the suction distribution in a porous medium varies 
depending on the crack direction and permeability. What 
characterizes this paper is that the unsaturated soil is not 
regareded as a three-phase mixture, in which mass conservation 
is constructed for each phase, but is modeled to be a mixed fluid 
with the degree of saturation as a variable. 

Paper No. 27 describes a model test to investigate the 
scattering and runoff of surface soil particles due to rainfall 
(water drop).  Water drop tests were conducted to determine 
the fall velocity of water drops falling from a given height and 
their landing impact force. Then two types of experiments on 
water drops falling to the ground are carried out: one is a 1D 
rainfall experiment that shows that the mass and average 
particle size of scattered soil particles vary depending on the 
suction load, and the other is a 2D rainfall experiment that 
simulates rainfall into a soil tank to identify soil particles 
flowing out from the soil tank. 

Paper No. 25 analytically examines the effect of the change 
in rainfall amount over time on slope stability. Under the 
hypothesis that differences in the temporal distribution of 
rainfall amount will cause the mechanical properties of the 
ground to change even if the integrated value of rainfall amount 
is the same, the paper gives five patterns of rainfall histories as 
boundary conditions, performs unsaturated seepage analysis of 
identically shaped slopes under the same initial conditions, and 
employs the limit equilibrium method to compare the slopes in 
terms of stability. The paper shows that the pore water pressure 
distribution varies depending on the rainfall pattern and hence 
that the safety factor of a slope varies accordingly. 

Based on ample experiment data, Paper No. 24 considers the 
relevance between the compaction characteristics and drained 
shear characteristics of cement-mixed gravelly soil (CMG). In 
awareness that the water content at which the maximum drained 
shear strength is reached is shifted to a somewhat drier side than 
the optimal water content when compaction curves are obtained 
from the same cement mix ratio and the same compaction 
energy, the paper systematically grasps the dry density and 
shear strength in relation to the degree of saturation. In this way, 
the paper shows that the degree of saturation at which the 
maximum dry density is reached regardless of the level of 
compaction energy (called the optimum degree of saturation) is 
approximately 70% and that the degree of saturation at which 
the maximum shear strength is reached falls between 
approximately 60% and 70%, slightly below the optimum 
degree of saturation. 

While paying attention to the temperature of water injected to 
decontaminate LNAPL-contaminated sand, Paper No. 22 uses 
micro-focused X-ray CT (MXCT) to visualize the pore 
structure and the residual LNAPL after the water injection and 

- 1116 -



  Technical Committee 106 / Comité technique 106 

  clarify the decontamination effect. The authors devised their 
experiment to discriminate water and LNAPL almost equal in 
density to each other. When injected water has a lower 
temperature than that of contaminated soil, a viscous flow will 
occur that is resistant to local flow occurrences and effective in 
uniform decontamination. The paper concludes that when 
LNAPL and water are equal in temperature to each other, a 
higher decontamination effect will be achieved at a low 
temperature (20°C) than at a high temperature (60°C). 

For prevention of collapse of loess with water absorption, 
Paper No. 2 examines the improvement effect of lime 
stabilization on mechanical properties of unsaturated soils 
(primarily yielding properties). The paper performs a series of 
experiments to quantitatively clarify the saturation degree 
dependency and lime mix ratio dependency on the effective pre-
consolidation stress. Though tThey are not sufficient for 
identifying the hardening law of the unsaturated soil mixture 
based on the plasticity theory, but still has practical 
applicability to the prediction of the initial consolidation yield 
stresses of soil mixtures with certain void ratios. 

Paper No. 4 takes up mulching as a technique for reducing 
the upward flow of subsurface water and considers its 
effectiveness. Expectations can be placed on mulching to 
provide an important salt damage reduction technique that 
reduces the upward flow of salty underground water. The paper 
performs a series of evaporation model tests to observe the 
amount of evaporation variable depending on the ground 
configuration. Moreover, the paper pays attention to the 
relationship between the material properties (water retention 
capabilities) and stratigraphic architecture of the ground 
environments and considers its effects. 
 
2.4  Practical design and protocols 
 
There are quite a few papers discussing practical aspects, 
including design and procedural precautions for securing the 
stiffness and stability of core materials for unsaturated slopes 
and earth cuts, pavement subgrades and bases, and rock-fill 
dams, or measures to be taken for swelling grounds that 
undergo remarkable hygroscopic swelling due to rainfall. This 
section takes up some of such papers. 

Paper No. 3 proposes a procedure for systematically 
investigating the adverse effects of rainfall permeation on slope 
stability. Unsaturated seepage flow analysis is carried out to 
determine the change in pore water pressure distribution in a 
slope over time and then the results are used as input conditions 
for stability analysis. The paper employs two techniques (limit 
equilibrium and finite element methods) for stability analysis. 
The paper performs a parametric study on the permeability and 
slope inclination in seepage flow analysis to compare the safety 
factor (limit equilibrium method) and the deformation of slope 
(finite element method). This is a study intended to evaluate 
slope stability through combined use of simple models and 
commercially available analysis codes. The results obtained 
from the limit equilibrium and finite element methods are 
compared. Interestingly, however, no significant difference has 
been observed. This is probably because the pore water pressure 
distribution data used as inputs are dominant in the system. 

Paper No. 28 performs cyclic shear tests under various stress 
conditions on compacted unsaturated soil specimens with either 
a dry or a wet history in order to evaluate permanent 
deformations of subgrades and bases that are important 
considerations in road pavement design. While unclear about 

the details of the drainage and exhaust conditions in the 
shearing process, the paper has reached the conclusion that with 
a constant water content and confining pressure, a permanent 
deformation is uniquely determined by the maximum amplitude 
of deviator stress applied in a cyclic loading process. This 
means that the water content and permanent deformation under 
the stress conditions given in an experiment can be related by 
an exponential function. 

Paper No. 33 performs multiple laboratory and in-situ tests to 
evaluate the stiffness of pavement subgrade and base materials 
to clarify the correlation between the stiffness and water content 
(or degree of saturation) obtained in each test or the correlation 
between two stiffness levels obtained from two different tests. 

Paper No. 9 analyzes the results of many physical tests and 
unconfined compression tests on the core materials for a dam to 
statistically find indices correlated to the unconfined 
compression strength. Finally, the paper proposes a multiple 
regression analysis equation that evaluates the unconfined 
compressive strength from the state quantities and reference 
indices of the core materials. 

In Paper No. 15, in-situ borehole shear tests are carried out to 
investigate the shear strength characteristics of swelling 
grounds. The results of tests on grounds are compared, with and 
without pores filled with water (saturated state vs. unsaturated 
state), in unsaturated zone above the groundwater level. After 
applying at a prescribed depth a preconsolidation stress 
equivalent to or greater than the in-situ horizontal stress, the 
paper determines shear strengths (the cohesion and frictional 
angle) for various overconsolidation ratios. According the paper, 
while the frictional angle remained almost constant regardless 
of pore flooding, the cohesion remarkably decreased after the 
pore flooding. Therefore, the paper concludes that it is 
important to perform proper preloading to execute construction 
work on swelling grounds. 

Paper No. 12 takes up the topsoil replacement method using 
sand cushions and the sand compaction pile method for 
reducing the heaving of swelling grounds, and decribes a model 
test to examine the heave reducing effects of the two methods. 
The model test goes as follows: form an improved ground in a 
mold; then fill water into the mold under a predetermined 
vertical pressure (fixed water level), and measure the vertical 
displacement of the loading plate. The paper performs such an 
experiment on ground configurations different in the thickness 
of replaced topsoil or in the sand pile diameter and driving 
depth to measure and compare the amounts of ground heaving 
from the starting time of pore flooding. The paper concludes 
that the sand compaction pile method is effective for heave 
reduction. Note, however, that a ground configuration in which 
sand and swelling materials coexist in the same plane may 
cause a flexible foundation to undergo differential settlement or 
may cause uneven gound reaction force distribution under a 
rigid foundation. 

In Paper No. 6, the design of the earth-cutting work on Port 
hills consisting of Aeolian deposits is taken up as an example to 
argue for placing importance on precedents in the observational 
construction method. 

Finally, Paper No. 19 discusses a practical method of 
parameter setting in van Genuchten’s equation for soil water 
retention characteristics. 
 
3  UNSATURATED SOIL MECHANICS BASED ON 
MIXTURE THEORY 
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 If the earth structure construction work can be regarded as an 
artificial mechanical action using soil as the material, 
unsaturated soil mechanics can be said to be a logical procedure 
that lays the foundation for our thought process. To provide 
food for discussion, this section attempts to take a bird’s eye 
view of the current state of unsaturated soil mechanics, which 
serves as our basis, and to consider the incompleteness of 
unsaturated soil mechanics as a system and challenges thereto. 
When attempting to do so, some yardstick would be useful. 
This is the same as when a ruler is useful when discussing the 

lengths of things. Because soil mechanics builds on continuum 
mechanics, this section takes up the mixture theory (e.g., 
Bowen, 1976, etc.), which is part of continuum mechanics, as 
the “yardstick” for considering unsaturated soil mechanics. 

Soils and the like are not continua but aggregates of discrete 
elements involving complex physicochemical interactions. 
When soils are viewed as masses, however, it can be assumed 
that the continuum hypothesis holds for them. This is the same 
as when the continuum hypothesis is assumed to hold for metals, 
aggregates of discrete elements at the atomic and molecular 

 
Framework of mixture theory 

 
Real soil           3 phase            mixture model   

                    Solid (soil) ( , )s s t x ,   Liquid (water) ( , )w w t x ,  Gas (air) ( , )a a t x . 

Motion                       ( , ),   ,  , ,t s w a       x x X v x      

in which density: 
  , , ,s w a  ,    1 ,  ,  1s s w r w a r an nS n S           

Dynamic: Conservation laws 

Mass                         div 0    v                                     (A) 

Momentum        div
T

        v σ b π , 
T

 σ σ , ,    
  π 0 b b       (B) 

     Energy & entropy inequality   constraint conditions for constitutive relations 

Stress: total stress 
σ σ , in which σ : partial stress,  , ,s w a                         (C) 

or rigorously     
  σ σ u u , 

1

   
   u x x  :diffusion velocity 

 

Governing equations of Unsaturated Soils under quasi-static condition 

effective stress and partial stress, if ,  ,  
N N

a a ws p s p p      σ σ 1 σ σ 1 and σ σ hold: 

      1 1s r a r wn S p nS p       σ σ 1 1 , w r wnS p σ 1 ,  1a r an S p  σ 1       (D) 

1. Equilibrium equation: sum of each equation of motion (B) with neglecting acceleration. 

2. Effective stress: ,  ,  
N N

a a ws p s p p      σ σ 1 σ σ 1  (D), note that s
 σ σ . 

3. Infinitesimal strain rate of solid:  grad grad 2
T

s s ε x x   . 

4. Continuity between solid and fluid: simultaneously solving solid phase and fluid phase of (A). 

5. Continuity between solid and gas: simultaneously solving solid phase and gas phase of (A). 

6. Darcy law for fluid: interpretation of interaction force wπ  in the equation of motion for fluid phase (B) based on the analogy of Hagen-

Poiseulle flow under the isotropic pressure field. 

7. Darcy law for gas: interpretation of interaction force aπ  in the equation of motion for gas phase (B) based on the analogy of Hagen-

Poiseulle flow under the isotropic pressure field. 

8. Constitutive equation: relation between of effective stress (not partial stress for solid phase) and strain of solid phase. 

9. Water retention model to specify the relationship between rS  and a ws p p  . 

10. Equations of state for pore water and pore air (usually pore water is assumed to be incompressible).    

Note that the diffusion velocity in (C) is negligible in unsaturated soils?  

 

Figure 1. Theoretical framework of three-phase mixture and unsaturated soil mechanics 
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  levels, if they are deemed as masses. There is, however, an 
overwhelmingly large difference in the size of discrete elements 
between the former and the latter. Though it is unclear whether 
success similar to the one that continuum mechanics has 
achieved for metals will be achieved for soils or whether the 
success up to now will continue, let us start here by assuming 
that the continuum hypothesis also holds for soils. 

When a single point in unsaturated soil is looked at, only one 
of soil fraction skeleton, pore water, and pore air will be found 
there. The continuity hypothesis for unsaturated soil, however, 
assumes that soil fraction skeleton, pore water, and pore air 
jointly occupy that single point densely and continuously. 

Figure 1 shows a summary of the three-phase mixture theory 
as the basis for unsaturated soil mechanics. It should be noted, 
however, that phase changes are not considered here (i.e., no 
transition from one phase to another is considered here). From 
the mass conservation law of the mixture for each phase, a part 
of sets of the governing equations will be obtained. With the 
stress on the mixture in equilibrium with the partial stress on 
each phase, the motion of each phase (deformation) will be 
determined by the interphase interaction forces. In other words, 
in the case of a three-phase mixture, motions (deformations) are 
determined from governing equations consisting of the three 
mass conservation equations, the three sets of equations of 
motion and the symmetry of stress, and three sets of 
constitutive relations. In the case of such a field, however, the 
required number of equations corresponding to the number of 
unknowns will not be obtained if the phase composition ratio of 
the mixture and the interphase interaction forces are not 
expressly given. 

In the case of unsaturated soils, the deformation at interest is 
that of the structural skeleton consisting of soil particles, and 
the deformation field has to be expressed in terms of 
measurable physical quantities. In soil mechanics, the stress 
component contributory to the deformation of soil skeleton is 
called the effective stress and is defined as Terzaghi’s equation, 
which has been traditionally used for saturated soils. For 
unsaturated soil, its extended version, known as Bishop’s 
equation, is widely used. The reason for assuming “effective 
stress” is that because the pore water pressure and the pore air 
pressure are quantities measurable as stress in the mixture, the 
effects of these quantities on the whole mixture are 
phenomenologically interpreted by specimen tests, etc., and the 
results of the interpretation are accepted . Accordingly, as 
shown in Figure 1, the stress describing the deformation of the 
structural skeleton of unsaturated soil is anything but the partial 
stress on the solid phase and is described as a form of effective 
stress that includes the influences of other partial stresses. It is 
surmised that this is based on the meniscus effects caused by 
pore water surrounding soil particles and on the reflection of the 
effects caused by the existence of isolated microbubbles of pore 
air or the like. In fact, however, such microscopic 
physicochemistry in unsaturated soils seems yet to be clarified 
sufficiently. 

From the three mass conservation laws, two independent 
continuity equations are derived. From the linear momentum 
conservation law, equations of motion are derived. What 
matters here are the expressions of interaction forces. Assuming 
a priori that movements of pore water or pore air can be 
described using Darcy’s law, interaction forces can be 
expressed to include Darcy’s law when paying attention to the 
similarity of pore fluid and air flows to Hagen-Poiseuille flow 
through a pipe (de Boer, 1998, Nishimura, 1999). Though this 
is the prime example of phenomenological deduction, an 
excellent insight like this allows us to express the motions of 
pore water and pore air based on Darcy’s law, which is derived 
from the equations of motion. In addition, it is said that the 
constitutive relations for pore water and pore air are given by 
the equations of state for water and air, respectively. 

Then, what is the equation for soil water retention 
characteristics? From the foregoing considerations, the equation 
for soil water retention characteristics can be regarded as an 
equation that determines each phase composition ratio of 
unsaturated soil. Thus, the whole set of governing equations 
and unknowns necessary to describe unsaturated-soil 
mechanical behavior will be obtained. There are, however, 
studies to be noted here. One example is Borja (2004). Based on 
thermodynamic considerations, the author discusses the 
conditions to be met by an elastoplastic constitutive relation of 
unsaturated soil. According to his argument, the equation for 
soil water retention characteristics can be derived similarly to, 
among others, the laws of plastic flow, as the consequence of 
thermodynamic principles. The implications of such an 
consideration are the irreversibility of soil water retention 
response and the role of the equation for soil water retention 
characteristics as a constitutive relation.  

The deformation of unsaturated soil viewed as a solid-phase 
deformation is described not only by the partial stress on the 
solid phase system but also by the effective stress expressed as 
the function of the partial stress on the liquid or air phase. 
Therefore, it is surmised that the constitutive relation of 
unsaturated soil incorporates the constitutive relations for the 
liquid and air phases and interactions therewith. If the equations 
of motion for the liquid and air phases are attributed to Darcy’s 
law, what matters is the recognition of premises and 
assumptions during the process. If the equation for soil water 
retention characteristics not only determines the phase 
composition ratio of the mixture but also contributes to the 
constitutive relation of the mixture, theoretical consistency with 
the constitutive relation of unsaturated soil will be required. 

Although unsaturated soil mechanics has been formulated 
based on the mixture theory and through phenomenological 
observations, there is no denying that there may be potential 
risks of double counting and theoretical flaws. Even though 
things have worked out well in the end for unsaturated soil 
mechanics, we cannot confidently define the scope of its 
applicability and cannot easily earn trust from colleagues in 
other scientific disciplines as long as such risks remain. It is 
necessary to further refine phenomenological interpretations in 
soil mechanics. For this purpose, we consider it necessary to 
accumulate more physicochemical knowledge of unsaturated 
soils as engineering materials. 
 
4  FINAL REMARKS 
 
This Discussion Session covers a very wide range of topics 
related to unsaturated soils. It is completely beyond our ability 
to summarize them all and find future directions. To provide as 
much food for discussion as possible, we made our best effort 
to give an overview of the current research trends but only 
managed to introduce the outlines of 35 papers. We would be 
grateful if colleagues could understand our limitations. 

Finally, allow us to state one of our wishes. We hope that 
future studies on unsaturated soils will not seek ad-hoc 
solutions to problems but will coalesce into a system of human 
wisdoms collected from a bird’s eye view. We also hope that 
these studies will go beyond the field of geotechnical 
engineering and have logical universality that allows use and 
practical application in other fields. When this comes true, we 
will surely become able to contribute to solving global-scale 
problems through cooperation with colleagues in other fields. If 
our field is heading in such a direction, it will no doubt appear 
attractive to future young generations.  
 
 
APPENDIX: NOTATIONS IN FIGURE 1 
 

( , )t  x x X : motion of  phase, ( , )t  x : density of 
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  phase itself, π : internal interaction force working to 
 phase, b : body force working to whole mixture, b : body 
force working to  phase, n :porosity, rS : degree of 
saturation, Nσ : net stress, σ : effective stress, σ : total stress, 

ap : pore air pressure, wp : pore water pressure, s : suction, 
 : Bishop’s parameter (usually assumed to be rS  or the 
function of rS ) 
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