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Chapter 1

Introduction

1.1 Background

During the last decades it was realized that the conventional principles and concepts of soil
mechanics are often not suitable for solving requirements of geotechnical engineering practice.
The theories of the conventional soil mechanics are based on the principles and concepts of
saturated materials (either fluid saturated or gas saturated). As can be seen in case of the
humidity index of the earth, in reality an unsaturated soil is present (see Fig. 1.1) and its
behavior is different from saturated soil. With decreasing and increasing water content, which
is related to an increasing and decreasing soil suction, the constitutive behavior of unsaturated
soils is significantly changing. For this reason the influence of water content in a soil on the
hydro-mechancial behavior becomes of major interest when solving geotechnical engineering
problems. The changes are related to the hydraulic conductivity, the shear strength, the
stiffness as well as the volume change behavior (e.g. shrinkage, swelling, collapse). Following
examples summarize typical engineering problems involving predominantly unsaturated soils:

• Problems related to flow phenomenon

- Seepage through unsaturated soils

- Construction of dams and dikes

- Modeling of environmental problems (e.g. waste disposals, landfills, contaminant
transports, leaching processes)

• Problems related to stress phenomenon

- Slope stabilities, bearing capacities

- Construction of tunnels

• Problems related to deformation phenomenon

- Heave or subsidence of the ground surface

1



2 CHAPTER 1. INTRODUCTION

Figure 1.1: Global Humidity Index (from UNEP/GRID and UEA/CRU)

- Collapsing soil

- Shrinkage and swelling soil

- Compaction of soil

Depending on the type of soil, for instance clay, silt or sand, the above given phenomena
have to be taken into account, when designing constructions such as dams, embankments,
foundations or slopes.

1.2 Scope and Objectives

The scope of the present work is the investigation of an unsaturated granular material and
its hydro-mechancial behavior. Furthermore, the phenomena (e.g. collapse, hysteresis) that
belong to it, which is important for reliable prediction of settlements of buildings, failure mech-
anisms as base failure of strip footing or square footing, slope stability as well as the flow
of fluid through dams in geotechnical engineering practice. Low suction values, for instance
are able to maintain the stability of slopes or to improve the stiffness of a soil. Therefore
experimental and theoretical analysis were conducted on Hostun sand. The contribution of
capillary stresses (i.e. matric suction), which is the main force affecting the hydro-mechancial
behavior of an unsaturated granular material, is usually ignored in conventional analysis of
civil engineering constructions, for instance when predicting the bearing capacity of shal-
low foundations or settlements and deformations of buildings. Based on these concepts and
models, constructions and buildings are designed and dimensioned.

To predict reliable unsaturated soil properties deep understanding of its coupled hydro-
mechancial behavior is required. Compared to clayey soils the sand is not undergoing shrink-
age and swelling. Experiments for prediction of the hydro-mechancial unsaturated soil be-
havior are commonly focused on cohesive soils as silts and/or clays. The complete hydro-
mechancial behavior of sand has been poorly investigated to date. This behavior is quite
different compared to silty or clayey soils. There is limited laboratory data available in liter-
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ature with respect to the influence of suction on the hydro-mechancial behavior of a granular
material.

To understand the complex behavior of unsaturated granular soil the following hydraulic
and mechanical properties have to be determined:

- Soil-water characteristic curve

- Unsaturated hydraulic conductivity

- Stiffness

- Shear strength

In the present research work the hydraulic behavior is extensively investigated by deter-
mining the soil-water characteristic curve under several initial conditions (influence of void
ratio), loading path directions (initial drainage, main drainage and main imbibition, scanning
drainage and scanning imbibition process) and flow conditions (i.e. steady state flow, tran-
sient state flow) using testing devices, which measure water content and/ or water pressure
and/ or cumulative water outflow and inflow. The influence of net stress on the soil-water
characteristic curves is investigated additionally. The investigations of the hydraulic behav-
ior lead to two constitutive relationships, namely the soil-water characteristic curve and the
unsaturated hydraulic conductivity function, which are needed to describe the flow in unsat-
urated soils. Nevertheless, when dealing with unsaturated soils the key relationship is the
soil-water characteristic curve, because based on this curve shear strength, stiffness and also
hydraulic conductivity of an unsaturated soil can be derived. In general flow experiments (i.e.
drainage and imbibition flow experiments) were carried out in small scale test (element test)
and large scale column test (boundary value problem).

The mechanical behavior is estimated by determining stress-strain relation under one
dimensional condition, where the influence of the suction on the stiffness of loose as well as
dense packed Hostun sand specimens is considered. The collapse potential is estimated during
one-dimensional compression tests on loose specimen. In large scale foundation experiments
the influence of suction on the shear strength of the sand is obtained.

Due to large particles of granular materials and thus larger pores, the soil-water charac-
teristic curve takes place in a narrow range of suction. This requires a high resolution and
accuracy to the testing equipment. Because of this reason the present work involves modifi-
cation of equipment as well as development of new equipment that fulfills these requirements
and make it possible to investigate unsaturated granular materials. The main objectives of
the investigations are:

- To provide appropriate equipment for investigation of unsaturated granular materials
with focus on both, hydraulic and mechanical behavior.
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- Model building and development of a simple suction-water content model, including
scanning process.

- Determination of soil-water characteristic curve, θ(ψ) and determination of the influence
of suction on the hydraulic conductivity, k(ψ) and on the oedometer stiffness modulus,
Eoed(ψ).

- Derivation of reliable experimental data for validation of constitutive equations.

- Determination of reliable model parameters for numerical simulations of geotechnical
problems. Only realistic soil parameters lead to realistic simulations and conclusions.

- Numerical simulations of experiments for parameter identification as well as improve-
ment and/ or development of underlying constitutive equations.

An example is used to underline the importance of investigation as well as implementation of
unsaturated soils to engineering practice. The change of mechanical behavior due to suction
in a soil is carried out using the classical problem of shallow foundation (i.e. the influence of
suction on bearing capacity, q(ψ) is investigated), that is a typical civil engineering problem.
Furthermore, the importance of the soil-water characteristic curve is given, which is used as
an important tool when dealing with unsaturated soils in combination with the saturated
shear strength for prediction of bearing capacity of unsaturated soils.

1.3 Organization of the Dissertation

The thesis contains eleven chapters. The first chapter (i.e. this chapter) outlines the back-
ground, the scope and objectives of the investigation as well as the organization of the dis-
sertation. The second chapter summarizes basic literature on unsaturated soils related to the
objectives of this study. Important hydraulic and mechanical functions as well as methods to
determine them are introduced. Sets of equations and models used in unsaturated soil me-
chanics are presented and discussed. Background, theory and the main variables of process
modeling are presented in the third chapter. Process modeling is used in this study for devel-
oping a model, that relates the suction to volumetric water content. Extended overview of the
developed and modified testing devices and the equipment used to study the hydro-mechancial
behavior of unsaturated sand are introduced in the fourth chapter. The material used and
the experimental program carried out are discussed in the fifth chapter. The experimental
program includes the investigation of hydraulic and mechanical unsaturated sand properties
under consideration of for instance several initial and loading conditions, or different boundary
conditions. This chapter also includes detailed explanations regarding to specimen prepara-
tion (preparation of homogenous, reproducible specimens) and the testing procedure. The
experimental results derived from the extensive laboratory program are presented in the sixth
chapter. The experimental results are analyzed and interpreted in the seventh chapter. The
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eight chapter shows the results of numerical simulation of transient state tests by means of FE
method and numerical models. In this simulations as input two sets of parameters are used,
namely the parameter set derived from transient state tests and the parameter set derived
from conventional tests. The introduced method of process modeling (see third chapter) is
applied in chapter nine using experimental results, that were measured in the study. As a
result a new soil-water characteristic curve model was developed. Unsaturated soil mechan-
ics is applied in the tenth chapter on a typical engineering problem, i.e. bearing capacity
of footing. The influence of suction to the bearing capacity behavior is revealed. The final
chapter summarizes the results of the present investigation on the developed equipment for
investigating unsaturated sand properties, the influence of suction on the hydro-mechancial
behavior of sand, the introduced new soil-water characteristic curve model and the numerical
simulations of the experimental data carried out. An outlook and perspectives for further
studies on unsaturated sand are given.
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Chapter 2

State of the Art

2.1 General

In the chapter the basics of unsaturated soil mechanics relevant to this study are briefly
presented. Concepts of stress state variables in saturated and unsaturated soils are discussed.
A survey on hydraulic functions in unsaturated soils, namely the soil-water characteristic curve
and the hydraulic conductivity function, is given. Techniques for measurement of suction and
water content, laboratory as well as field methods for determination of hydraulic functions and
several approaches to model these relationships are critically discussed. A review on modeling
of unsaturated soils is presented. Studies on volumetric mechanical behavior (stress-strain
behavior, collapse and preconsolidation pressure) of soil are also presented. This literature
review is focused on work performed on frictional granular materials.

2.2 Unsaturated Soils

Depending on the soil type a variety of methods for the characterization of soils and their
properties are available. According to the principles of civil engineering, soils are classified
into the following main soil groups:

• gravel, sand (non-cohesive soils)

• silt (cohesive soil)

• clay (cohesive soil)

The classification is based on the grain-size distribution, the coefficient of gradation and the
coefficient of uniformity for non-cohesive soils and the plasticity index as well as the liquid
limit for cohesive soils. Each type of soil is characterized by its mechanical and hydraulic
behavior, that is also dependent on the water content or suction in the soil. The saturated
conductivity for sand is about ks ≈ 1 · 10−3 to 1 · 10−5 m/s, where a large cross sectional
area of pore space for conduction of water flow is available. The typical value of saturated

7
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conductivity for clays is about ks ≈ 1 · 10−7 to 1 · 10−12 m/s (von Soos 2001). In this case
the flow path of the water around the clay platelets is more tortuous, the water is partially
bonded to the clay particles and thus becomes less. The oedometric stiffness modulus at
σ = 100 kPa for sand is approximately Eoed ≈ 15.000 to 70.000 kN/m2. The oedometric
stiffness modulus of a clay is approximately Eoed ≈ 600 to 5.000 kN/m2 (von Soos 2001). The
incompressible grains of the sand cause the higher stiffness. Depending on the soil type, its
behavior is governed by different mechanisms. The behavior of a soil is strongly influenced
by its structure, mineralogy, fabric and the soil-water interaction.

Coarse grained materials (sand and gravel) consist of particles larger than 0.002 mm, that
are commonly minerals as silicates, oxides, carbonates and sulphates. On the other hand the
structure of fine grained materials consists of hydrated aluminium silicates and hydrous oxides
in a crystalline structure (Mitchell 1993). Fine grained soils (i.e. clay and silt) encompasses a
wide range of particle sizes varying between 10 to 1000 Å. The specific surface area of silt and
clay is large and a large portion of the total molecules belong to the surface molecules. Thus
the physico-chemical interactions between the soil particles and the pore fluid are significant.
Therefor the main factors controlling fine grained soils properties are the surface area and
the cation exchange capacity. Pore water is retained by molecular bonding, electrical field
polarization caused by negative charge on the surface of the minerals, van der Waals attraction
arising from the interaction between the molecules comprising the surface of the soil particles
and the molecules comprising the pore fluid as well as the exchangeable cation hydration
(osmotic effects). In coarse grained soils, since the surface area is relatively small, surface
molecules constitute only a fraction of the total molecules. Hence surface area and the cation
exchange capacity are not affecting the properties of coarse materials. Their characteristic
behavior is mainly driven by contact forces between the grains as well as the matric suction,
which is also called capillary force or negative pore-water pressure.

The soils fabric consists of the arrangement of soil particles, groups of particles and pores
(Mitchell 1993). Gens & Alonso (1992) suggested 3 basic fabric types as shown in Fig. 2.1.
In Fig 2.1 a) the fabric consists of elementary particle arrangements of clay platelets (also
called matrix) and coarse grains, that could be sand or silt particles. The pore space between
the elementary particle arrangements are intra-matrix pores. Several elementary particle
arrangements joined together form aggregates as can be seen in Fig. 2.1 b). In the aggregates
intra-aggregate pores and between the aggregates inter-aggregate pores can be distinguish.
Coarse grains and the aggregates lead to a structure of a granular type material and to a
multi modal pore-size distribution. In both fabrics a further type of pore exists, that are the
intra-element pores (see Fig. 2.1 c). The fabric in Fig. 2.1 b) is known to be typical in natural
and compacted clays. Due to different pore sizes (i.e. multi modal pore-size distribution)
the material may become sensitive to, e.g. changes in loading condition, changes in suction
or chemical changes. In coarse grained materials the main features are grains and pores.
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Sand or silt grain
Intra matrix poreSand or silt grainElementary particle arrangement
AggregationInter-aggregate poreElementary particle arrangementIntra-aggregate pore
Intra-element poreClay plateletElementary particle arrangement:

a)

c)b)
Figure 2.1: Fabric types of a soil: a) fabric consisting of elementary particle arrangements of
clay platelets and coarse grains including intra-matrix pores, b) fabric consisting of elementary
particle arrangements of clay platelets and coarse grains joined together to aggregates includ-
ing inter -and intra-aggregate pores, c) fabric consisting of elementary particle arrangements
including intra-element pores between clay platelets

Several grain particles in a loose packed granular soil joined together also can form aggregates
including intra-aggregate pores and inter-aggregate pores between them (see Fig. 2.2).

However, the hydraulic behavior (i.e. hydraulic conductivity) and mechanical behavior
(i.e. shear strength, stiffness, bearing capacity) of any soil is strongly influenced by its water
content, saturation (i.e. degree of saturation) and respectively its suction. The suction in a

Inter-aggregate poresAggregation including: - Intra-aggregate pores- Grains1 cm
Figure 2.2: Fabric of a granular material
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soil is governed mainly by the soils pore size distribution, grain-size distribution, density, the
surface area and cation exchange capacity. Different phenomena are caused in a soil due to
the presence of suction. Considering a fine grained soil, it undergoes collapse and is subjected
to shrinkage as well as swelling phenomenon when changing water content in the soil. The
soil-water characteristic curve occurs in a wide range of suction. Coarse grained soils undergo
collapse and the soil-water characteristic curve occurs in a narrow range of suction.

The two important relationships describing the hydraulic behavior are the soil-water char-
acteristic curve and the unsaturated hydraulic conductivity function. The influence of water
content on the mechanical behavior of soils is reflected in their stress-strain behavior, e.g.
volume change and shear strength.

2.2.1 Stress State in Unsaturated Soils

The mechanical behavior of a soil, e.g. volume change or shear strength, are described using
the state of stress in the soil. Several combinations of the state of stress in a soil exists and
are referred to stress state variables. Stress state variables have to be independent of the soil
properties.

Soil mechanic is historically focused on the study of saturated soils. Effective stress is
considered to be a fundamental variable for describing the mechanical effects due to a change
in stress in the soil. The effective stress is applicable to all types of soil (e.g. sand, silt, clay),
because it is independent of the soil properties. Fundamental principles and the concept of
effective stress are suggested by Terzaghi (1943). In saturated soils the effective stress σ′ is
defined as difference between the total stress σ and the pore pressure uw. The effective stress
sits exclusively in the solid skeleton of the soil and is given by:

σ′ = σ − uw (2.1)

The effective stress can be defined at any point in a soil if total stress and pore pressure are
known. The validity of Terzaghi’s effective stress equation for saturated soils is well accepted
(Rendulic 1936, Skempton 1961).

In unsaturated soils it has to be considered that stress is acting in the air phase as pore
air pressure as well as matric suction, which is defined as difference between air pressure and
water pressure (ua−uw), where ua is the pore-air pressure and uw is the pore-water pressure.
Thus the state of stress in unsaturated soils is fundamentally different from the state of stress
in saturated soils. Saturated soils are two phase systems composed of either solids and liquid
(e.g. water saturated soil) or solids and gas (e.g. dry soil). Unsaturated soils are three phase
systems comprised of solids (soil particles), liquid (pore water), and gas (pore air) (Lambe &
Whitman 1969). As fourth phase Fredlund & Morgenstern (1977) introduced the contractile
skin. Changes in pore water phase and pore-air phase directly influence the state of stress
acting on the soil skeleton. Thus Bishop (1959) expanded Terzaghi’s classical effective stress
equation and suggested an effective stress equation, later named after him, for unsaturated
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soils. Bishop’s effective stress equation contains a single parameter χ, which was been found
to depend on the type of soil:

σ′ = (σ − ua) + χ(ua − uw) (2.2)

where: σ is the total stress, ua the pore-air pressure and uw the pore-water pressure. χ is an
effective stress parameter varying between 0 for dry soil and 1 for fluid saturated soil. It is
captured by its strong dependency on the degree of saturation in the soil. Assuming a fluid
saturated soil, Bishop’s equation reduces to Terzaghi’s equation. Various other expressions
defining effective stress were proposed by Croney et al. (1958), Aitchison (1961), Jennings
(1961). Jennings & Burland (1962) explored the limitations in the use of the effective stress
concept and found that it may not be adequate for description of collapse behavior in soils.
Also the single valued effective stress equation includes the material parameter χ, which leads
to difficulties both in theory and its measurement. The material parameter χ depends on the
type of soil and/or stress path (Jennings & Burland 1962, Coleman 1962, Bishop & Blight
1963, Burland 1965, Blight 1965). To describe the consolidation in unsaturated soils Biot
(1941) already suggested the use of two independent stress state variables, namely the excess
of total applied stress over the pore-water pressure (σ − uw) and the pore water pressure,
uw. Coleman (1962) suggested the use of net normal stress (σ − ua) and matric suction
(ua − uw) as stress variables to describe stress strain relations in unsaturated soils.

Variables used for description of a stress state should be independent of the soil prop-
erties (Fung 1977). The approach of independent stress state variables was continued from
experimental and theoretical point of view by Fredlund & Morgenstern (1977). They pro-
posed the use of net stress (σ − ua) and matric suction (ua − uw) as independent stress state
variables in unsaturated soils. They argued this approach is consistent with the principles of
continuum mechanics. Three independent possible normal stress variables were defined: 1.

(σ − ua), 2. (ua − uw) and 3. (σ − uw). Their theory yields to three possible combinations of
stress state variables for describing the deformation of unsaturated soils:

1. (σ − ua) and (ua − uw) with reference pressure ua

2. (σ − uw) and (ua − uw) with reference pressure uw

3. (σ − ua) and (σ − uw) with reference pressure σ

This approach was supported by null-type triaxial tests conducted earlier by Fredlund (1973),
which showed that the volume of unsaturated soil specimen remains constant while decreasing
and increasing the stress state variables by an equal amount. Very small changes in the
specimen volume under null-type test condition prove the applicability of stress state variables
in unsaturated soils. The stress state variables are related to equilibrium conditions in the
unsaturated soil. The combination of the net normal stress (σ−ua) and matric suction (ua−
uw) is commonly used in engineering practice. Datcheva & Schanz (2003) for instance used
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the net stress and suction stress variables for development of a constitutive model describing
the behavior of unsaturated cohesionless soils under complex loading conditions and loading
history.

The stress state variable must be measurable or predictable. Thus total stress state,
pore-water pressure and/or pore-air pressure are determined and measured in the laboratory,
when testing unsaturated soils. Using high-air entry disk enables to measure both pore-water
pressure and pore-air pressure independently in unsaturated soils. Measurement devices as
for instance tensiometer sensors enable to obtain pore-water pressure. The total stress is
controlled by applying load to the specimen.

2.2.2 Phases in Unsaturated Soils

An unsaturated soil is a multi-phase system comprising of more than two phases (as in sat-
urated soils), namely the solid phase, the liquid phase including the contractile skin and the
gas phase. The solid phase consists of the soil grains. Depending on the grain sizes the soils
may range from fine grained soils as silts and clays to coarse grained soils as sands and grav-
els. The liquid phase consists of any liquid or a miscible or immiscible combination of two
or more liquids (e.g. water, oil, light non-aqueous-phase-liquid LNAPL, dense non-aqueous-
phase-liquid DNAPL). Additionally the liquid phase may include the contractile skin, which
may act as a tensile force on the liquids surface. In this work the solid phase, the liquid phase
and the gas phase of the unsaturated soil are assumed to be the soil solids, water (with the
contractile skin) as well as air, that leads to a 3-phase system. The phases of unsaturated soil
are schematically given in Fig. 2.3.

2.2.3 Soil Suction

The total soil suction is referred to the free energy state of the soil pore water (Edlefsen &
Anderson 1943, Fredlund & Rahardjo 1993a). The thermodynamic relation between the total
suction or free energy of the soil water and the relative humidity of the soil air is given in the
following equation:

ψ = − RT

vw0 · ωv
· lnRH

100
(2.3)

Soil

Gas
Fluid including 
contractile skin

Figure 2.3: 3 Phase system representing unsaturated soils
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where: ψ is the total suction or free energy, R is the universal gas constant, T is the absolute
temperature, vw0 is the specific volume of water, ωv is the molecular mass of the water vapor
and RH is the relative humidity. The relative humidity is defined as the amount of water
vapor that is in a gaseous mixture of air and water and is given as RH = uv1/uv0 · 100,
where uv1 is the partial pressure of water vapor in the mixture and uv0 is the saturated vapor
pressure of water of the mixture at the temperature T in equilibrium with the free water.

The concept of capillary potential in unsaturated soils was defined by Buckingham (1907).
Richards (1928) defined the soil water potential as the sum of the capillary potential and a
gravitational term. Neglecting temperature effects, the main mechanism influencing the pore
water potential in a soil are capillary effects and osmotic effects. Thus the total suction
consists of two components, namely the matric suction or capillary suction and the osmotic
suction:

ψ = ψm + ψo (2.4)

where: ψo is the osmotic suction. The difference across the air-water interface is the matric
or capillary suction ψm = ua − uw with the pore-air pressure ua and the pore-water pressure
uw. This leads to Eq. 2.5:

ψ = (ua − uw) + ψo (2.5)

Matric suction is associated with the capillary phenomenon. The capillary phenomenon is
arising from the surface tension of the water and involves the air-water interface. Effects of the
osmotic suction have to be considered when dissolved solutes are present in the pore-water.
With increasing concentration of dissolved solutes in the pore-water the relative humidity
decreases and the osmotic suction increases respectively. When dealing with sand the osmotic
suction is assumed to be negligible small because dissolved solutes are not present. Therefore
the term suction is equal to the term capillary pressure or matric suction in this thesis.

The main matric suction component is the capillarity (i.e. the force caused from surface
tension) and it is assumed the pores in the soil act as capillary tubes. The surface tension is
the tangential force between a liquid and a gas caused by the difference in attraction between
the molecules of the liquid and the gas. The well known Young-Laplace equation provides a
general relationship between the matric suction and the interface geometry:

ua − uw = Ts · ( 1
R1

+
1

R2
) (2.6)

where: Ts is the surface tension of the liquid phase, and R1 and R2 are the radii of curvature
of the membrane in two orthogonal directions.

Since the pores in a soil are different in sizes the capillary tubes are different in diameter,
causing different surface tension values. As smaller the tube as smaller the radii and as larger
the surface tension. The influence of the radius on the surface tension is shown in Fig. 2.4
based on the capillary tube model, where the pores in a soil are assumed to act like capillary
tubes.
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Figure 2.4: Rise of water in capillary tubes of different diameter (Lu & Likos 2004)

Equilibrium between two interconnected drops of water is additionally presented in
Fig. 2.5. Two water drops with different radii (R1 > R2) are connected through a pipe
filled with water. The valve of the pipe is closed at first. Both drops have an internal pressure
uw1 and uw2. The water pressure in drop 1 is smaller than in drop 2 (uw1 < uw2), because the
radius of curvature for drop 1 is larger. When opening the valve the system will equilibrate.
The water will flow from higher pressure to smaller pressure. Thus the water will flow from
drop 2 to drop 1, drop 1 becomes larger and drop 2 becomes smaller. Equilibrium state is
reached, when the fluid of drop 2 enters the pipe and a convex meniscus with a radius equal
to R1 is formed (Lu & Likos 2004).

In Fig. 2.6 a capillary tube and a wide closed container are given. The interaction between
air, water and solid is shown. Two pressure points (1, 2) are observed in the tube and in the
container. The tube and the container are connected with a water filled pipe, where the valve
is at first closed. The air pressure in both systems is the same. Point 1 is located in the middle
and point 2 is located at the border of the container. The pressure in both points is equal
in the tube, because both points have the same spherical meniscus with the radius R. The
pressure difference can be calculated by using the meniscus geometry as ua − uw1/2 = 2Ts/R

R1 R2Water Airuw1 uw2Valve is closed
R1 R2=R1Water Airuw1 uw2=uw1Valve is open

Figure 2.5: Equilibrium between two interconnected drops of water - the effect of drop’s radius
(Lu & Likos 2004)
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uauwRise of water SolidAirWater uauwValve is open

uauw 1 2Ruw1 uw2SolidAirWateruauw12 Ruw1=uw2Capillary tube Container
Valve is closed

Figure 2.6: The interaction between air and water (Lu & Likos 2004)

with Ts the surface tension and R the radii of curvature. Because the air-water interface in
the middle of the container is flat, the pressure in point 1 is equal to the air-pressure uw1 = ua.
The curvature of the air-water interface in point 2 leads to a water pressure less then the air
pressure. Here the pressure difference can be calculated using also the meniscus geometry
ua − uw2 = 2Ts/R. Thus in the container the pressure in point 1 is larger than in point 2
indicating larger water pressure in the container. When opening the valve the total head in
the water phase in both the container and the tube will tend towards equilibrium. Since the
pressure in the tube is less than in the container the water table in the tube will rise above
the water table in the container (Lu & Likos 2004).

2.3 Hydraulic Functions

Important hydraulic functions when dealing with unsaturated soils are the soil-water charac-
teristic curve as well as the hydraulic conductivity functions that are explained in detail in
the following.

2.3.1 Soil-Water Characteristic Curve

Definition and General Information

The fundamental constitutive relationship in unsaturated soils relates the gravimetric water
content w, the volumetric water content θ or the saturation S to the suction in the soil.
Several names are proposed for this relation, namely:
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- Suction-water content relationship (SWCR)

The suction-water content relationship relates the suction to the water content in the
soil. The suction-water content relationship is estimated at any initial state in the soil
for any loading path (i.e. drainage or imbibition process). The curve starts in between
the main drainage and imbibition loop.

- Soil-water characteristic curve (SWCC)

The soil-water characteristic curve is the relationship between suction and water content
during drainage test from fully saturated state (S = 1) up to dry soil condition and
consequent imbibition test from dry state to zero suction in the soil

- Capillary pressure-saturation relationship (pcS-curve)

Capillary pressure-saturation relationship is often used in soil science and relates the
saturation to the capillary pressure in the soil. This expression may be used when
granular medias are considered, because in case of granular materials osmotic suction
is negligible small.

In the present study initially water saturated sand specimens are investigated and thus the
term soil-water characteristic curve is used. The soil-water characteristic curve of a soil
is the key function when dealing with unsaturated soils (Fredlund 2002). The importance
of the soil-water characteristic curve is not only in giving insight of soil-water interaction
but it is also used to estimate the hydraulic conductivity and the shear strength, which are
subsequently needed to estimate the unsaturated soils behavior (Fredlund et al. 2000). The
soil-water characteristic curve is required for modeling and predicting water as well as solute
transport in unsaturated porous media.

Soil-water characteristic curves for different type of soils differ from each other and depend
upon the structure or arrangement of the soil particles, the grain-size distribution, pore-size
distribution as well as the density (Richards & Weaver 1944, Croney & Coleman 1954, Salter
& Williams 1965, Reeve et al. 1973). Fig. 2.7 shows typical drainage soil-water characteristic
curves for sand, silt and clay. From Fig. 2.7 it can be seen that the soil-water characteristic
curve of the sand is located in a narrow range of suction while the soil-water characteristic
of clay is located in a large range of suction. With increasing soil suction the water content
and the degree of saturation are decreasing. At high water content the corresponding suction
is low. At low water content the corresponding suction is high. After the drainage process
the soil-water characteristic curve may be determined also for imbibition process. Other well
known terms for the drainage process are drying process as well as desorption process and for
the imbibition process are wetting as well as adsorption process.
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Figure 2.7: Soil-water characteristic curves for different types of soils

Zones and Parameters of the Soil-water characteristic curve

Soil-water characteristic curves can be divided into the following 3 zones for drainage process:

- Saturated zone

The saturated zone is the zone between soil suction ψ = 0 and the air-entry value ψaev,
where nearly all pores are filled with liquid. In the saturated zone the liquid phase is
continuous and the gas phase is non-continuous.

- Transition zone

After reaching the air-entry value ψaev larger pores of the soil begin to drain followed
by smaller pores. The volumetric water content is decreasing till reaching the residual
water content θr. The air-entry value ψaev and the residual volumetric water content
θr enclose the transition zone. The amount of water in the pores in the saturated zone
and the transition zone mainly depends on the grain-size distribution and pore-size
distribution. There the capillary force may be the main driving force. Both, the liquid
and the gas phases are continuous.
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- Residual zone

The transition zone is followed by the residual zone. Whereas in the transition zone the
pore water is retained mainly by capillary forces, in the residual zone the pore water is
retained in form of thins films on the soils grains. This is caused by the surface area
and the surface charge density of the soil. The gas phase is the continuous phase and
the liquid phase is the non-continuous phase. Water is transported only by water vapor
diffusion.

Following Fredlund & Xing (1994) typical parameters of the soil-water characteristic curve
can be estimated. These parameters are:

- Air-entry value ψaev

The air-entry value ψaev is the value of soil suction, where air starts to enter the largest
pores of the soil during drainage process.

- Saturated volumetric water content θs

The saturated volumetric water content is the water content in a soil, where all pores
are filled with liquid S = 1.

- Residual soil suction ψr and corresponding residual volumetric water content θr

The residual soil suction ψr and corresponding residual volumetric water content θr is
the point, where the water starts to be held in the soil by adsorption forces (Sillers
1997).

- Water-entry value ψwev

The water-entry value is the soil suction where water starts to displace air in the soil
and enters the pores in the soil during imbibition process (Wang et al. 2000, Yang,
Rahardjo, Leong & Fredlund 2004a). When reaching the water-entry in a soil the water
content starts to increase significantly.

For sand the residual zone is generally very limited, because both the surface area of the
soil particles and the surface charge density are negligibly small. The pore-size distribution
mainly influences the shape and the slope of the soil-water characteristic curve. Uniform soils
have steep soil-water characteristic curves, because the majority of pores are drained at a
narrow range of soil suction. Well-graded soils have flatter soil-water characteristic curves,
because the pores are different in size and drained over larger range of soil suction. Controlled
by relatively large pores the air-entry pressure as well as the water-entry pressure are low,
when working with sand. The soil-water characteristic curve of a silt is characterized by a
larger range of soil suctions. Silts absorb a greater amount of pore water due to smaller pores
and a significant surface area as well as surface charge density. The smaller pores retain
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the water up to a higher matric suction resulting in a larger air-entry value and water-entry
value. As already mentioned clays have a very high surface area and a high surface charge
density is typical for this type of soils. Thus the capacity of water absorption is the highest
for clay and the soil-water characteristic curve takes place over a wide range of soil suctions.
Capillary forces are responsible for relatively low suction values and the corresponding high
water contents governed by the pore-size distribution and grain-size distribution. At low values
of water content and corresponding high soil suction values, where water is only available as
a thin film on the grain surfaces, the dominant mechanism influencing the shape of the soil-
water characteristic curve are the surface properties of the grains. The exemplary drainage
curve is shown in Fig 2.8 for a sand with typical soil-water characteristic curve parameters
and zones.

Hysteresis and Scanning Curves

Since the soil-water characteristic curve depends on the soil suction history it is required to
distinguish between drainage characteristic and imbibition characteristic of the soil. During
drainage process more water is retained by a soil than during imbibition process for the
same suction value. Thus the relation between water content and suction is hysteretic and is
presented by the existence of a initial drainage curve, main drainage and imbibition curves as
well as an infinite number of scanning curves in between the main drainage-imbibition loop (see
Fig. 2.9). The drainage process of an initially fluid saturated (S0 = 1) soil specimen results
in the initial drainage curve. The wetting (up to ψ = 0) of an initially dry soil specimen gives
the main imbibition curve. Due to occluded air bubbles, redistribution of the pore system or
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Figure 2.8: Typical soil-water characteristic curve parameters and zones
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Figure 2.9: Soil-water characteristic curve showing the initial drainage curve, main imbibition
curve, main drainage curve and scanning curves

closed pores for most soils it is not possible to achieve fully saturated state by imbibition after
drainage. The following drainage of the soil specimen is called main drainage curve. Whereas
the initial drainage curve is irreversible, the main loop consisting of both the main drainage
curve and main imbibition curve can occur in numerous cycles. Drainage scanning curves as
well as imbibition scanning curves are located within the main soil-water characteristic loop.
The names commonly used for the several drainage and imbibition branches are summarized
in the following:

- Initial drainage curve (irreversible curve)

- Main drainage curve and main imbibition curve (reversible curves)

- Scanning drainage curve and scanning imbibition curve (infinite number of scanning
curves available between main drainage and imbibition curve)

The phenomenon of hysteresis can be found in several natural sciences such as magnetism
and in chemistry. A independent domain theory for modeling hysteresis as physical phe-
nomenon in soil science was presented by Everett & Whitton (1952), Everett & Smith (1954).
The phenomenon of hysteresis has been gained from experimental and theoretical experi-
ences (Haines 1930, Topp 1969, Poulovassilis 1970, Pavlakis & Barden 1972, Mualem 1984b,
Nimmo 1992, Iwata et al. 1995, Pham et al. 2003) and there is broad agreement in the re-
search literature regarding the relevance and phenomenological background of hysteresis in
the soil-water characteristic curve. The phenomenon of hysteresis was first detected and re-
ported by Haines (1930) and is attributed to several factors as the rain drop effect (Bear
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1972), the ink-bottle effect (Haines 1930, Miller & Miller 1988), the snap-off effect and the
effect of by-passing (Chatzis & Dullien 1983). Above given reasons for the phenomenon of
hysteresis suggested from multi-scale considerations are explained below:

- Rain drop effect (Bear 1972)

There are different angles of contact during drainage (θ1) and imbibition (θ2) cycles
that give rise to the rain drop effect. Comparing the angle between the tangent of the
air-water interface and the tangent between the water-solid interface (the contact angle)
then the angle of contact is large during the wetting phase and the angle of contact is
small during the drying phase (θ1 < θ2). In Fig. 2.10 the raindrop effect is visualized
by a drop running down a surface and tubes at drainage and imbibition process.

- Ink-bottle effect (Haines 1930, Miller & Miller 1988)

According to the geometry of the pores at equal matric suctions, the volume of fluid in
the pores depends on the hydraulic loading path. Therefore, the volume of the fluid in
the pores during drying is larger than during wetting. This effect is known as ink-bottle
effect and is sketched in Fig. 2.11. In Fig. 2.11 the two tubes a) and b) show different
heights in capillary rise due to different diameters. In c) the drainage of a tube with
non-uniform diameters is shown, where the water is kept at the pore neck. In d) the
imbibition of a tube with non-uniform diameters is shown, where the water is kept at
the pore body. When draining the tube c) the capillary rise corresponds to that of the
smaller tube a) and when wetting the tube d) the capillary rise corresponds to that of
the larger tube. Although the same pressure is applied to the tubes, the drained tube c)
contains more water than the wetted tube d). Thus the saturation history is influencing
the capillary rise.

α 1

α 2

 Raindrop effect

a)

α 1

 Drainage
non-wetting phase

wetting phase
b)

α 2

 Imbibition
non-wetting phase

wetting phase
c)

Figure 2.10: Raindrop effect visualized by a drop running down a homogeneous surface and
in tubes during drainage and imbibition process (Bear 1972)
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a) b) c) d)

Figure 2.11: Capillary rise in tubes different in diameter and drainage as well as imbibition
process in tubes with varying diameters (Haines 1930, Miller & Miller 1988)

- Snap-off effect (Chatzis & Dullien 1983)

The inclusion of the non-wetting phase (i.e. gas) during the wetting cycle is known as
snap-off effect. In Fig. 2.12 can be seen that it depends on the diameter of the pore
bodies and the pore necks.

- Effect of by-passing (Chatzis & Dullien 1983)

Consider the combining of two capillary tubes different in diameter. The system is fluid
saturated and starts to drain. Then the non-wetting phase (gas) is replacing the wetting
phase (fluid). Due to less capillarity the larger tube is first filled with gas. In the smaller
tube fluid is still retained and separated from the fluid continuum causing entrapped
fluid (see Fig. 2.13). Vice versa during imbibition process entrapment of gas occurs.

Yang, Rahardjo, Leong & Fredlund (2004b) discussed the hysteretic behavior and correlated
it to grain size parameters (e.g. grain size parameter d10).

The relevance of the hysteresis mechanism is still a topic of discussion. However, in the
context of coarse-grained granular material, such as sand used in this study, hysteresis is most

Pore neck Pore bodyWetting phase
Wetting phase Non-wetting phaseNon-wetting phase

Figure 2.12: Influence of the pore geometry on the inclusion of a fluid caused by snap-off
effect (Chatzis and Dullien 1983)
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Non-wettingphase

WettingphaseWettingphaseWettingphase
Figure 2.13: Influence of the pore geometry on the fluid placement caused by by-passing effect
(Chatzis and Dullien 1983)

likely attributable to a combination of the ink bottle effect (intra particle arrangement) and
the contact angle hysteresis (inter particle scale).

2.3.2 Hydraulic Conductivity Function

Definition and General Information

The unsaturated hydraulic conductivity describes the ability of the soil fluid to flow through
the soil pores under a specified hydraulic gradient and is essential for dealing with pollutant
transport or the modeling of flow through earth structures. Whereas the saturated hydraulic
conductivity of granular materials is a function of void ratio and the type of pore fluid, the
unsaturated hydraulic conductivity is also a function of water content or degree of saturation
or volumetric water content (Leong & Rahardjo 1997a). The shape of the hydraulic conduc-
tivity function is influenced by the void ratio, the amount of fluid (e.g. water content) and
the type of fluid (e.g. viscosity) in the pores.

The hydraulic conductivity for one type of soil can vary several orders in magnitude
depending on the water content, degree of saturation or suction in the soil. As qualitatively
presented in Fig. 2.14 the magnitude of the conductivity for different soil types also vary from
high values as for gravel and very low values as for clay. Several exemplary hydraulic functions
of a sand, a silt and a clay are presented in Fig. 2.14. The suction-water content drainage
curve, that is directly related to the unsaturated hydraulic conductivity, the unsaturated
hydraulic conductivity function and the relative conductivity function are given for each type
of soil. The relative conductivity function relates the relative conductivity to the effective
saturation. The effective saturation Se (the normalized water content) is defined as:

Se =
S(ψ)− Sr

1− Sr
(2.7)
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where: S is the saturation and Sr is the residual saturation. In case of silt, the shape
of the unsaturated hydraulic conductivity function is explained. It is assumed the initial
condition is a water saturated specimen, where the suction is equal to zero and the volumetric
water content is θs = 48 %. The soil matrix is saturated with water and the saturated
conductivity, that is the maximum conductivity (maximum cross sectional area for water
to flow is available), is equal to ks = 1 · 10−7 m/s. Consequently the conductivity of air
is equal to zero at this state. Until reaching the air-entry value the soil retains nearly all
amount of water (see also suction water content relationship) that causes only a slight decrease
in unsaturated hydraulic conductivity. Desaturation commences when passing the air-entry
value, where air starts to enter the soil largest pores. With increasing suction the pore
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Figure 2.14: Exemplary hydraulic functions (soil-water characteristic curve - top, hydraulic
conductivity function - middle, relative hydraulic conductivity function - bottom) for sand,
silt and clay
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system is drained continuously and the water content as well as the unsaturated hydraulic
conductivity is drastically decreasing. The flow of air is increasing. Passing the residual water
content the pore water exists mainly as a thin film around the grains or disconnected radii
between the grains and the unsaturated hydraulic conductivity reduces to zero. Typically for
soils the unsaturated hydraulic conductivity is changing between air-entry value and residual
water content in a large range. It is also common to normalize the hydraulic conductivity
k(ψ) of unsaturated soil with respect to the saturated conductivity ks (see also Fig. 2.14).
This value is known as relative conductivity kr:

kr =
k(ψ)
ks

(2.8)

Whereas the water flow is governed by the total potential of the water phase the air flow is
governed by the total potential of the air phase. Neglecting the existence of the vapor phase
and its transport, in an unsaturated soil pore water is flowing only through the continuous
liquid phase. And neglecting diffusive transport in the liquid phase of an unsaturated soil
than air is flowing in the continuous gas phase. The flow of water and the flow of air occur
under different conditions depending on the type of soil. The flow is differed into:

1. pore water flow (fluid saturated soil)

2. pore water flow and pore air flow (unsaturated soil)

3. pore air flow (air saturated soil)

At water content larger than the air-entry value water content, where remaining air is present
only as isolated bubbles and a continuous water phase exits, the main mechanism is the
water flow. In a condition, where the water content is larger than the residual water content
but smaller than air-entry value, simultaneous the pore air and the pore water are flowing.
Whereas the driving potential for the airflow is the gradient in air potential, the driving
potential in water flow is the gradient in pore water potential. At a water content equal or
less to residual condition the pore water exists only in isolated pores or thin films around
the soil grains and the continuous paths for water flow are essentially cut off. The primarily
mechanism for liquid flow, is through vapor phase transport only. No continuous liquid phase
is available and no liquid flow occurs. But on the other hand the flow of pore air occurs, that
is caused by gradients in air potential.

Hysteresis and Scanning Curves

In the previous section the phenomenon of hysteresis in soil-water characteristic curve was
introduced. Because the unsaturated hydraulic conductivity function is directly related to the
soil-water content relationship, the phenomena of hysteresis becomes evident in unsaturated
hydraulic conductivity curve k(ψ). This means the hydraulic conductivity is larger along the
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drainage process, where following the soil-water characteristic curve the amount of water filled
pores is greater, than during imbibition process.

The effect of hysteresis in the relationship between unsaturated hydraulic conductivity
and volumetric water content or saturation is supposed to be minor. Experimental results
of drainage and imbibition hydraulic conductivity versus water content k(θ) or hydraulic
conductivity versus saturation k(S) can be grouped in two converse categories:

- Hysteresis:

Youngs (1964), Staple (1965) found differences between imbibition path and drainage
path for slate dust and silt loam. Poulovassilis (1969) studied sand giving significant
hysteresis in the intermediate range of volumetric water content but vanishing for both
low and high values of volumetric water content. For high degrees of saturation in a
clay Pavlakis & Barden (1972) found differences up to a factor of 10. Dane & Wierenga
(1975) found no hysteresis for a sand but significant hysteresis for intermediate and low
ranges of volumetric water content for a clay loam. Based on the independent domain
theory it is assumed, that the pore water is contained in pores not common during
drainage and imbibition process. While during drainage process the water volume is
contained in pores with larger radii, the radii of the pores containing the water volume
at imbibition path are smaller (Poulovassilis 1969).

- No significant hysteresis:

Most of the studies which concluded no significant effect of hysteresis on hydraulic
conductivity function are related to uniform granular materials such as sand (Klute
et al. 1964, Collis-George & Rosenthal 1966, Talsma 1970, Poulovassilis 1970, Topp
1969) and glass beads (Topp & Miller 1966). Little evidence is available for clay and
silt loam (Nielsen & Biggar 1961, Topp 1971a). Under the assumption that no volume
changes occur in the tested specimen the effect of hysteresis is supposed to be negligible.
Differences only can be found between initial drainage and main drainage curve due
to consolidation associated with the applied suction (Nielsen & Biggar 1961, Enderby
1955).

When analyzing the results from the research literature, the following aspects are noteworthy.
Most of the studies are missing precise information on volume change behavior during drying
and wetting cycles. Derivation of suction-hydraulic conductivity functions is performed using
different methodologies, including both direct and indirect procedures. Experimental devices
include different scales ranging from oedometer type cells up to soil column devices. Applied
sensors show different precision depending on the installation procedure and sample geometry.
Hysteresis in the suction-hydraulic conductivity function seems to be dependent on the type
of soil and the range of volumetric water content: Clay soils seem to have a tendency for
hysteresis, particularly in the intermediate range of volumetric water contents. Most of the
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referenced studies date back almost 20 to 30 years. Precision of measurements related to
water content and suction must be carefully considered when deriving the final conclusions.

2.3.3 Methods for Determination of Hydraulic Functions

As already mentioned the important hydraulic functions in unsaturated soil mechanics are
both the soil-water characteristic curve θ(ψ) and the unsaturated hydraulic conductivity func-
tion k(ψ). Several methods are available to measure these two constitutive functions, e.g.:

- Determination of θ(ψ) from experiments conventionally performed in tempe cells or
pressure cells and deriving k(ψ) by combining θ(ψ) with different model assumptions.

- Determination of θ(ψ) and k(ψ) independently from experiments.

- Determination of one-step flow, multistep flow or continuous flow experiments and es-
timating both functions simultaneously using inverse modeling (see Section 2.6).

A literature review on flow experiments, that are used for predicting hydraulic functions of
unsaturated soils is given in Tab. 2.1. The table gives an extensive overview of flow exper-
iments carried out by several researchers. It gives the testing devices and the equipment
used (PT-Pressure transducer, T-Tensiometer, GRA-Gamma Ray Attenuation, TDR-Time
Domain Reflectometry sensor), the method applied (OM-One step Method, MM-Multistep
Method), the loading applied to the specimen (D-Drainage, I-Imbibition) and the material,
that was used for the investigation. Only few researches used tensiometer and TDR sensor
measurements in their investigation to study unsaturated flow.
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Determination of Soil-Water Characteristic Curve

Commonly the soil-water characteristic curve is determined by relating the suction to the
water content that are measured in cells under equilibrium condition and fitting a paramet-
ric suction-water content function to these data pairs. To achieve equilibrium condition in
a soil is extremely time consuming and laborious. Thus flow experiments were developed
and in combination with inverse modeling of experimental data the soil-water characteristic
curve was estimated among others. Several flow experiments are available for determining
hydraulic properties of an unsaturated soil. As proposed by Schultze et al. (1997) in this work
flow experiments are classified into: multistep flow experiments, one-step flow experiments
and continuous flow experiments. These experiments are performed either under steady-state
condition (equilibrium) or transient state condition (non-equilibrium) (Topp et al. 1967).
State of the art in inverse modeling of one-step, multistep and continuous flow experiments
is given in Durner et al. (1999). An overview of several equipments used for determination of
soil-water characteristic curve is given in Tab. 2.2. Some of the listed equipment is explained
in detail in Chapter 2.4.

- Multistep Method:

The multistep method (Gardner 1956, Klute 1986, van Dam et al. 1990) is used to per-
form steady-state experiments, where several suction steps are imposed to the specimen
and the next suction increment is not applied before reaching equilibrium condition
in the soil, i.e. no inflow (during imbibition process) or outflow (during drainage pro-
cess) of water is measured or observed. Multistep outflow experiments were performed
for instance by Eching & Hopmans (1993), Dam et al. (1994), Schultze et al. (1997),
Wildenschild et al. (2001), Fujimaki & Inoue (2003). Different equipment devices are
available to determine the suction-water content drainage/ imbibition relationship un-
der steady-state conditions. The relationship can be directly determined using a suction
cell apparatus (Haines 1930) or pressure cell apparatus (Richards 1941, 1947). Tempe
cell for application of matric suctions up to 100 kPa (Reginato & van Bavel 1962),
volumetric pressure plate for application of matric suctions up to 200 kPa and large
pressure plate for application of 500 and 1500 kPa (Fredlund & Rahardjo 1993b) were
developed. Pressure plate apparatus was developed also by Pham et al. (2004). The
change of water volume or mass of water in the specimens is measured during testing
procedure carried out in these cells. After finishing the test, the specimen is dismantled
and the gravimetric water content is measured by oven drying method. Using back-
calculation method the water content is related to each imposed suction step. By using
the axis-translation technique (Hilf 1956) suctions are applied to the specimen. The
approximate measurement range for the axis-translation technique is 0 kPa to 1500 kPa
depending on the air-entry value of the ceramic disk used. Additionally some modified
cells are equipped with tensiometers or pressure transducers for measuring the pressure
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Table 2.2: Overview of equipment for determination of the soil-water characteristic curve

Equipment Technique Type Range (103 kPa)

Tempe pressure cell Axis-translation Matric suction 0...1.5
Pressure Plate Apparatus Axis-translation Matric suction 0...1.5
Thermal Conductivity Sensor - Matric suction 0.01...1
Thermocouple Psychrometer Humidity Total suction 0.01...8

measurement
Chilled Mirror Hygrometer Humidity Total suction 1...450

measurement
Filter Paper - Total or Matric 0...1000

suction

in the soil specimen (Eching & Hopmans 1993, Eching et al. 1994, Wildenschild et al.
2001, Fujimaki & Inoue 2003). Consequently the hydraulic properties of the porous
medium can be determined based on the applied/ measured pressure and water mass
data.

- One-step Method:

The one-step flow method is a transient state test and was first proposed by Gard-
ner (1956). During the testing procedure a specimen is placed in a cell with a porous
plate at the bottom. After the saturation process pressure is applied from the upper
compartment of the cell. The resulting outflow of the fluid is measured as a function
of time. One-step flow experiments were performed by Topp et al. (1967), Kool et al.
(1985b), Dam et al. (1992), Toorman & Wierenga (1992), Wildenschild et al. (1997,
2001), Schultze et al. (1997). The authors carried out the one-step method experi-
ments either in tempe cells, pressure cell apparatus (Kool et al. 1985b, Dam et al. 1992,
1994) or modified pressure cells (Toorman & Wierenga 1992, Eching & Hopmans 1993,
Wildenschild et al. 1997, 2001). Wildenschild et al. (1997, 2001) used their modified
pressure cell also to induce a continuous outflow scenario at a constant flow rate using
an attached syringe pump.

- Continuous Flow Experiments:

Continuous flow experiments, that are for instance evaporations tests, gravity drainage
tests or test where a flow rate is applied to the soil, are performed in large column appa-
ratuses. Conventional column apparatuses are equipped with sensors (e.g. tensiometer
sensors, TDR sensors) for measuring the soil-water characteristic curve while draining
and wetting the soil and usually the soil is placed on a porous stone (Schultze et al.
1997). In many studies only pore water pressure measurements (Chapius et al. 2007)
are performed and therefore inverse procedure has to be used to determine unsaturated
soil parameters. Nützmann et al. (1998) used a column apparatus for determining hy-
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draulic properties of porous media, where water content and pressure were measured.
The pressure and water content measurements were obtained in different depths and
thus the suction-water content curve could be not obtained directly. Experiments in a
column apparatus were also performed by Yang, Rahardjo, Leong & Fredlund (2004b)
and Yang, Rahardjo, Wibawa & Leong (2004), where the pore water pressure and also
the water content was measured pairwise in several depths. Their study considered infil-
tration tests on coarse materials. However, the effect of hysteresis was not investigated
by applying several drainage and imbibition cycles to the soil. If water content and
suction can be measured as a function of time, soil-water characteristic curve can be
determined by pairing the water content value with the suction value at a given time un-
der transient state condition. Measurements of this type of experiment were conducted
by Watson (1965), Topp et al. (1967), Wana-Etyem (1982), Perroux et al. (1982). In-
filtration tests were performed by Ahuja & El-Swaify (1976) and instantaneous profile
method by Watson (1965), Rogers & Klute (1971), Vachaud et al. (1972).

As already mentioned, it is traditionally assumed that the soil-water characteristic curve could
be measured either under steady state condition (equilibrium condition) or transient state
condition (non-equilibrium condition). Comparison of suction-water content measurements
obtained under conventional method (steady state condition) and using transient state method
indicates the presence of the so called dynamic effect for some type of soils. Investigation of
several authors showed that the hydraulic properties could also depend on the dynamic of
water flow (e.g. rate of suction changes).

Davidson et al. (1966) performed drainage as well as imbibition experiments. They found,
that more water was removed from the sample when one large suction increment was ap-
plied rather than many small suction increments during drainage process. In contrast more
water was absorbed when many small suction increments were applied during imbibition pro-
cess. Topp et al. (1967) conducted tests on a sand column under static state condition and
transient state condition. At a given potential the water content measured under transient
state condition was significantly higher than the water content measured under static state
condition during drainage process. Topp et al. (1967) found that the difference between static
soil-water characteristic curve and transient soil-water characteristic curve depends on the
size of the imposed pressure step and on the time, which is required to reach equilibrium
condition in the tested soil. The dynamic flow in a sand column was investigated by Stauffer
(1977), who also measured higher water content at a given suction during drainage process
compared to static state tests. One-step and multi-step outflow experiments were performed
by Wildenschild & Hopmans (1997). The soil-water characteristic curve was determined from
tensiometer measurements and the average water content. For large suction increments the
water content was higher at given suction value. Dependence of flow rate on unsaturated
hydraulic properties has been investigated by few authors. Experiments were carried out
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by Wildenschild et al. (1997), Plagge et al. (1997), Schultze et al. (1997), Wildenschild et al.
(2001). Plagge et al. (1997) investigated both the influence of flow rate and the influence
of boundary condition on the hydraulic conductivity function. They found an increase in
unsaturated hydraulic conductivity with increasing water potential gradients. Wildenschild
et al. (2001) analyzed the flow rate dependency of unsaturated hydraulic characteristics us-
ing steady-state and transient flow. One-step and multistep experiments were performed
on a sandy soil and a loamy soil. Several processes causing the observed phenomenon were
suggested and discussed on the basis of their experimental and theoretical results.

Theoretically the dynamic effect was investigated first by Stauffer (1977), who analyzed
the rate of change of saturation and the rate of change of suction for both transient state and
steady state experiments. Hassanizadeh & Gray (1990, 1993), Hassanizadeh et al. (2002) de-
veloped and applied successfully an approach including macroscopic balance laws, constitutive
relationships for interfacial as well as phase properties of the porous medium. They extended
the relationship between suction and saturation as proposed by e.g. Bear & Verruijt (1987).
As a result a model describing two-phase flow in a porous medium based on thermodynamic
theory has been proposed. Detailed investigation on dynamic effects in porous media is given
by Manthey (2006).

Determination of Hydraulic Conductivity Function

The unsaturated hydraulic conductivity can be measured directly and several indirect methods
are also available to determine this relationship. The hydraulic conductivity of an unsaturated
soil can vary with respect to soil suction by several orders of magnitude and is time-consuming
to measure. Direct methods for measuring the unsaturated hydraulic conductivity can be
generally classified as either laboratory techniques or field techniques and can be performed
under steady state condition or transient state condition. Outflow methods are not only used
to measure the soil-water characteristic curve of a soil but also to measure its unsaturated
hydraulic conductivity. These methods are already explained above. Detailed review of
outflow methods used for measuring hydraulic conductivity was given by Benson & Gribb
(1997).

- Direct Method performed under Steady State Condition:

Under steady state conditions, a constant hydraulic head or a constant flow rate is
imposed to the specimen under predetermined matric suction. The most commonly used
laboratory technique is the constant head method, where a constant head is maintained
across a soil specimen and the corresponding flow rate through the specimen is measured.
Numerous authors described the constant head method (Corey 1957, Klute 1972, Klute
& Dirksen 1986a, Barden & Pavlakis 1971, Huang, Fredlund & Barbour 1998). The
constant flow method is a laboratory technique, where a flow rate (hydraulic gradient)
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is applied to the specimen. Klute (1986) provides description of steady-state methods
for measuring unsaturated hydraulic conductivity.

The steady state centrifugation method is a laboratory method. It uses a spinning
centrifuge, which establishes fast steady-state fluid flow trough a soil. The unsatu-
rated hydraulic conductivity is calculated by measuring the steady-state flow under the
elevated gravitational gradient (Nimmo et al. 1987, Nimmo & Akstin 1988).

The crust method is a steady state test to measure the unsaturated hydraulic conduc-
tivity in the field (Hillel & Gardner 1970). Tension infiltrometer, which measures the
infiltration rate under carefully controlled suctions also can be used in the field. Differ-
ent methods for calculating the unsaturated hydraulic conductivity based on these data
were proposed by Elrick et al. (1987), Ankeny et al. (1991), Reynolds & Elrick (1991),
Logsdon & Jaynes (1993).

- Direct Method performed under Transient State Condition:

Under transient state conditions, the specimen is subjected to continuous unsaturated
flow conditions and measurements are carried out while the specimen comes to equi-
librium. Transient state methods are for instance the horizontal infiltration method,
the outflow methods and the instantaneous profile method. Transient state test was
performed by Klute (1965) in a horizontal column. The column consisted of several
segments. The saturation of the dry soil in the column was stepwise increased from
S = 0 to S = 1, by introducing water from one end of the column. Thus a hydraulic
gradient is imposed to the soil. After some time the inflow of water is stopped, the col-
umn is disassembled into its segments and the water content is determined. Horizontal
infiltration tests have been also explored by Jackson (1964), Rose (1968), Clothier et al.
(1983).

The instantaneous profile method is applicable in the laboratory and in the field and
was first proposed by Richards & Weeks (1953). This method uses transient profiles of
water content and suction to calculate the unsaturated hydraulic conductivity. Drainage
process was induced by gravity (Watson 1966), by withdrawing fluid from the specimen
via applied suction (Richards & Weeks 1953), by applying flow rate to the specimen
(Overman & West 1972) or by evaporation (Wind 1966, van Grinsven et al. 1985,
Wendroth et al. 1993, Meerdink et al. 1996). Imbibition was performed by adding water
to the soil specimen (Hamilton et al. 1981, Daniel 1982, Meerdink et al. 1996). Most
recent approaches include both measurement of suction and water content (Malicki et al.
1992, Meerdink et al. 1996). Example of permeameter for conducting instantaneous
profile method is suggested in Meerdink et al. (1996). When suction as well as water
content measurements are available then the unsaturated hydraulic conductivity and
also the soil-water characteristic curve can be determined. Laboratory instantaneous
profile method is performed in a horizontal or vertical column. During the testing
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procedure (drainage and imbibition) sensors along the column measure the water content
and/or the suction. The measurements are used to calculate the unsaturated hydraulic
conductivity function. Instantaneous profile method was described by Watson (1966),
Daniel (1983), Meerdink et al. (1996). Similar to the laboratory instantaneous profile
method the field instantaneous profile method is performed. Usually the soil is wetted
(S = 1.0) and than drained under gravity gradient (Watson 1966, Hillel et al. 1972).

- Indirect Method:

A variety of indirect methods (Fredlund et al. 1994, Leong & Rahardjo 1997a, Agus et al.
2003) can be used to describe the unsaturated hydraulic conductivity function. Mualem
(1986) classified three approaches for determination of hydraulic conductivity function,
namely, Empirical models, Macroscopic models as well as Statistical models. These
models are introduced and described in detail in Chapter 2.5.

A review of methods for measuring unsaturated hydraulic conductivity has been given
by Klute (1972). Benson & Gribb (1997) provided an overview of about fourteen field methods
and laboratory methods for measuring the unsaturated hydraulic conductivity.

2.4 Equipment and Measurement Techniques for Testing Un-
saturated Soils

The properties of an unsaturated soil are functions of the stress state variables. Therefore
it is necessary to develop suitable equipment, which enables the control, application and
measurement of stress state variables as total stress as well as matric suction. An essential
part of such kind of equipment is the high air-entry ceramic disk. The high air-entry ceramic
disk separates the air and water phase and thus allows the control and/or measurement of
the pore-water pressure. Several sensors for measuring water content or suction are available.
Amongst others, measurement techniques for testing unsaturated soils have been described
by Bishop et al. (1960), Bishop (1960), Blight (1961), Fredlund & Rahardjo (1993b), Lu &
Likos (2004), Tarantino et al. (2008).

2.4.1 Measurement of Water Content

Measurement of water content plays an important role when dealing with unsaturated soil
problems. The measurement of water content in unsaturated soil has undergone an excellent
development in the last years. Numerous options are available for water content measure-
ments, e.g. thermogravimetric method, time-domain reflectometry (TDR), ground penetrat-
ing radar (GPR), capacitance and impedance devices (Gardner et al. 2001, Ferré & Topp
2002). TDR, GPR as well as capacitance and impedance devices are based on electromag-
netic measurements in the soil. Information on electromagnetic properties of soils and their
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relation to soil water content are described in Topp et al. (1980), Topp & Reynolds (1998),
Ferré & Topp (2002). The electromagnetic method makes use of the difference between the
high dielectric constant of water (ka = 80) and the low dielectric constant of the other soil
components as air (ka = 1) and the solids (ka = 2 − 4). The large difference allows to draw
conclusions to the volumetric water content (Selig & Mansukhani 1975, Topp et al. 1980,
Look & Reeves 1992).

- Time Domain Reflectometry (TDR):

In the measurement of water content the technology of time domain reflectometry
(TDR) received the most attention (Topp 1987) and the overview is focused on this
method. The first who applied TDR to measurements in soil were Davis & Chudobiak
(1975). From that time on TDR method has been used frequently to measure water
content at several scales and under several conditions (Topp & Reynolds 1998, Robinson
et al. 2003) and has become a standard method for measurement of water content in
unsaturated soil in the field and in the laboratory. Topp et al. (1980) tested 4 mineral
soils and found insignificant influence of properties such as salinity, temperature, texture
and dry density on the dielectric constant. A calibration function was obtained by Topp
et al. (1980), which originally was believed to apply universally to all soil types. Similar
equation was proposed by Ledieu et al. (1986). Later numerous authors (Herkelrath
et al. 1991, Malicki et al. 1996, Suwansawat 1997) showed that the composition of solids
of the soil, surface electrical conductivity and density of a soil can significantly effect the
relationship between dielectric constant and volumetric water content. Thus although
the universal equation by Topp works well for soils composed of quartz, a unique rela-
tionship between the dielectric constant and the volumetric water content does not exists
for all type of soils (Roth et al. 1992, Dasberg & Hopmans 1992, Suwansawat 1997). A
soil specific calibration is recommended (Benson & Bosscher 1999, Suwansawat & Ben-
son 1999). Recommendations regarding calibration procedure and experimental setup
are given in Suwansawat & Benson (1999). Siddiqui & Drnevich (1995) extended the
TDR measurements to geotechnical application and related the TDR measurements to
water content and dry density. A method for determination of soil water content as well
as dry density using TDR measurements is described in detail in Yu & Drnevich (2004).

- Ground Penetrating Radar (GPR):

The physics of the GPR method is identical to the physics of the TDR method (Weiler
et al. 1998). GPR method is widely applied in geosciences and was recently developed to
measure water contents in soils (Davis & Annan 2002, Huisman et al. 2003). Compared
to TDR method, GPR method provides data from larger spatial region.
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- Impedance and Capacitance Devices:

Impedance and capacitance devices are electromagnetic instruments operating at fre-
quencies within the range of TDR and GPR. Impedance or capacitance values are influ-
enced by the amount of water in the soil. Capacitance devices determine the apparent
capacity in a soil (Dean et al. 1987, Robinson et al. 1998, Gardner et al. 2001, Kelleners
et al. 2004).

2.4.2 Measurement of Soil Suction

Various methods are available to measure suction in an unsaturated soil (Ridley & Wray
1996). Soil suction consists of two components, namely, matric suction and osmotic suction.
Therefore it has to differentiate between measurement of total suction (sum of osmotic suction
and matric suction), matric suction as well as osmotic suction. Krahn & Fredlund (1972)
presented data on the independent measurement of total, matric as well as osmotic suction.
Techniques for measuring suction are divided in direct (i.e. determination of negative pore
water pressure, that requires the separation of the gas phase and the fluid phase usually
realized by a ceramic disk or ceramic cup) and indirect methods for measuring matric suction.
Indirect methods (e.g. the suction is determined by measuring the relative humidity, that
is related to the suction) only are available for measurement of total as well as osmotic
suction (Agus 2005).

Measurement of Total Suction

Total suction in a soil is measured when using for instance, the psychrometer, the chilled
mirror hygrometer, the non-contact filter paper method, the humidity control technique or the
resistance capacitance sensor. Agus (2005) compared 4 methods for measuring total suction in
a soil. Leong et al. (2003), Tripathy & Schanz (2003) presented two new devices for measuring
relative humidity and temperature in a soil and thus the total suction. The relative humidity
and temperature transmitter for in situ total suction measurements as well as chilled-mirror
technique with a selectable temperature environment for measurement of total suction in the
laboratory were developed. These methods are described below.

- Psychrometer:

In geotechnical engineering practice the Peltier psychrometer (Spanner 1951) is most
commonly used. It utilizes the Seebeck effect (1821) as well as the Peltier effect (1834)
to measure the total suction. The Peltier effect as well as Seebeck effect, setup, mode of
operation and calibration procedure of psychrometers are described in detail in Fredlund
& Rahardjo (1993b). Psychrometers have been used by many researchers for measuring
total suction (Krahn & Fredlund 1972, Hamilton et al. 1979, Ridley & Burland 1993).
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- Hygrometer:

The use of chilled mirror hygrometer for total suction application was described by Gee
et al. (1992). The hygrometer consists of a metallic mirror, a photodetector, and a
light. When the mirror is cooled down condensation occurs from the ambient water
vapor in the closed chamber. Due to condensed water on the mirror the light reflected
from the mirror is scattered and the intensity of the light is reduced. The intensity is
detected by the photodetector. The dew point temperature is related to the ambient
relative humidity and the total suction in the soil using Kelvin’s law. Leong et al. (2003)
used the chilled mirror hygrometer for measuring total suction in 2 residual soils. The
authors independently measured also the matric as well as osmotic suction of the soils
and found that the device can be used for rapid determination of total suction.

- Filter Paper Method:

Filter paper method is an indirect method, which can be used to measure either total
suction or matric suction. It is assumed that the filter paper comes after sufficient time
into equilibrium with the specific suction of an unsaturated soil. When placing the
filter paper not in contact to the specimen total suction is measured. The water content
of the paper is measured gravimetrically at equilibrium condition. A predetermined
calibration curve relates the water content to the total suction (Fawcett & Collis-George
1967, Houston et al. 1994, Leong et al. 2002).

- Humidity Control Techniques:

Humidity control techniques imply the measurement of water content for specimens of
controlled total suction. The suction is controlled by adjusting the relative humidity in a
closed chamber and the application of Kelvin’s equation. The specimen is placed in the
controlled humidity environment, where water is adsorbed or desorbed until reaching
equilibrium condition in the soil. Lu & Likos (2004) describe two humidity control
techniques in more detail, namely the isopiestic control technique and the two-pressure
humidity control technique.

Measurement of Matric Suction

Matric suction can be measured using direct or indirect methods. Techniques for measuring
matric suction are amongst others, the tensiometer sensor, the thermal conductivity sensor
as well as the electrical conductivity sensor and the contact filter paper method. Whereas
the tensiometer sensor measures the matric suction directly the other techniques measure the
matric suction indirectly.

- Tensiometer:

In the laboratory and in situ tensiometers enable to measure matric suction directly. A
review of theory and the behavior of tensiometers was given by Stannard (1992). The
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author differs between 3 types of tensiometers, namely, manometer type of tensiometer,
gauge type of tensiometer and transducer type of tensiometer. The author discusses in
detail the advantages and disadvantages of each type of tensiometer and found that vac-
uum gauge type tensiometers are not recommended for measuring unsaturated hydraulic
gradients. Mercury manometer type tensiometers are probably the most accurate and
robust sensors. Hysteresis in a manometer tensiometer is much less than in a gauge type
tensiometer or pressure type tensiometer. Transducer type tensiometers are well suited
to collect a large quantity of data. Measurements can be performed in predetermined
time intervals and are recorded automatically. The accuracy is excellent but there is
a need for frequently calibration procedure. Working range of standard tensiometers
is limited by the cavitation process, which occurs approximately at 80 − 100 kPa. De-
tails on the preparation, installation and usage of tensiometers are also discussed in the
former work of Cassel & Klute (1986). Ridley & Burland (1993) designed a stainless
steel miniature pore-water pressure transducer with a working range up to 3500 kPa.
The suction probe uses a 15 bar ceramic disc, an electronic pressure transducer and an
electrical connection for measuring the matric suction. The very thin water reservoir
(∼ 250µm) between ceramic disc and transducer avoids the formation of air bubbles and
thus increases the measuring range of the instrument. Evaluation of the suction probe
yields to reliable measurement of matric suctions up to ∼ 1500 kPa. Guan & Fredlund
(1997) developed a suction probe measuring pore-water pressure up to 1250 kPa for
both saturated and unsaturated conditions and tested a glacial till and Regina clay.
They found reasonable agreement between measured values in the suction probe and
those measured by the filter-paper method as well as thermal conductivity sensor. With
decreasing saturation differences in the measurements appeared. Problems in usage of
suction probes arise for the calibration procedure. The calibration is carried out in the
positive range of pore-water pressure (hydraulic pressure) and extrapolated to the nega-
tive range of pore-water pressure (matric suction). A tensiometer similar in conception
was designed by Tarantino & Mongiovi (2002). Additionally their design was modified
to perform calibration also at negative-pore water pressures. Further suction probes
were developed by several researchers, e.g. Mahler & Diene (2007).

- Thermal and Electrical Conductivity Sensor:

Indirect measurements are performed using either thermal conductivity sensors or heat
dissipation suction sensors. Because water is a better thermal conducter than air, ther-
mal properties and electrical properties of an unsaturated soil can be related to the
water content in the soil. Such kind of sensor consists of a temperature sensor and a
heater as developed by Shaw & Baver (1939). Different soils required different calibra-
tion curves to relate the thermal conductivity to the water content. Therefore several
researchers suggested to enclose the thermal conductivity sensor in a porous medium,
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which is calibrated (Johnston 1942, Phene et al. 1971). Dane & Topp (2002) give an
overview of sensors and devices related to the measurement of soil suction. Electrical
conductivity sensors measure the electrical conductivity using two embedded electrodes.
Main disadvantage of electrical conductivity sensor measurements is their inherent sen-
sitivity to changes in electrical conductivity which is not related to the water content
of the porous medium but to dissolved solutes. Thus thermal conductivity sensors have
found a greater amount of use in geotechnical engineering practice.

- Contact Filter Paper Method:

Following the contact filter paper method a filter paper is placed in direct contact to the
specimen and matric suction is measured indirectly, by measuring the amount of water
transferred to the dry paper. Both non-contact and contact filter paper method are
discussed and analyzed in Fawcett & Collis-George (1967), Al-Khafaf & Hanks (1974),
Houston et al. (1994).

Measurement of Osmotic Suction

The osmotic suction can be determined by measuring the electrical conductivity of the pore-
water in the soil, which is related to the osmotic suction. With increasing dissolved salts in
the pore-water the electrical conductivity is increasing and thus the osmotic suction. The
pore-water, that is used for the measurement of the electrical conductivity can be extracted
using several methods, e.g. the saturation extract method, the centrifuging method, leaching
method or the squeezing method (Iyer 1990, Leong et al. 2003). The pore fluid squeezing
method has shown to be the most reliable measurement technique of osmotic suction (Krahn
& Fredlund 1972, Wan 1996, Peroni & Tarantino 2005). This technique consists of squeezing
a soil specimen to extract the fluid from the macropores, that is used for measuring the
electrical conductivity. The authors showed, that the method appears to be influenced by the
magnitude of applied extraction pressure.

2.5 Constitutive Models for Hydraulic Functions

As already mentioned in the previous chapter the soil-water characteristic curve and hydraulic
conductivity function must be known in order to model flow through unsaturated soils. Origi-
nating from classical studies in soil science, a large number of related models can be found. As
mentioned before the soil-water characteristic curve describes the relation between water con-
tent or saturation and soil suction (θ(ψ), S(ψ)) and the unsaturated hydraulic conductivity
function describes the relation between suction and hydraulic conductivity (k(ψ)) as well as
water content or saturation and hydraulic conductivity (k(S), k(θ)). These unsaturated soil
functions are subsequently used when modeling hydro-mechancial behavior of unsaturated
soils (Donald 1956, Bishop & Donald 1961, Fredlund et al. 1996a, Vanapalli et al. 1996).
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2.5.1 Models for Soil-Water Characteristic Curve

The soil-water characteristic curve is the key function for estimation of unsaturated soil prop-
erties. Based on this relationship several other relations describing unsaturated soil behavior
are derived. Therefore it is important to establish a function, which relates the suction to
the water content. Numerous approaches, namely, empirical and physical models, have been
suggested for mathematical representation of the soil-water characteristic curve. Literature
regarding to this topic is presented in the next section.

Empirical Models

Empirical models (Brooks & Corey 1964, Gardner 1958, van Genuchten 1980, Fredlund &
Xing 1994) use statistical analysis to best fit experimental data to the selected equation.
However, the parameters have no physical meaning. A large number of empirical equations
have been proposed by different researchers to best fit experimental data of the soil-water
characteristic curve. Empirical models can be classified into models that do not consider
hysteretic behavior and into models that do consider hysteretic behavior in the soil-water
characteristic curve.

Equations including 2 parameters or 3 parameters were proposed for instance by Gardner
(1958), Brooks & Corey (1964), Campbell (1974), van Genuchten (1980), Fredlund & Xing
(1994). The parameters in the empirical equations are usually related to the air-entry value
and the rate of desaturation of the investigated soil. Equations proposed by Brooks & Corey
(1964), Farrell & Larson (1972), Williams (1982) are non-sigmoidal functions and equations
proposed by Gardner (1958), van Genuchten (1980), Fredlund & Xing (1994) are sigmoidal
functions. All these empirical equations can be used for the fit of either drainage curves or
imbibition curves. Hysteretic behavior is not taken into account. Detailed reviews and analysis
of empirical equations were summarized by several authors (Leong & Rahardjo 1997b, Singh
1997, Sillers & Fredlund 2001). Leong & Rahardjo (1997a) analyzed the effect of parameters
on the shape of the soil-water characteristic curve for several equations. Only few researchers
as for instance Hanks (1969), Dane & Wierenga (1975), Jaynes (1984), Pham et al. (2003)
presented empirical equations, which consider the hysteresis in soil-water characteristic curve.

Frequently used models are that by Brooks and Corey (1964), van Genuchten (1980) and
Fredlund & Xing (1994). The models are not capable to predict hysteresis or scanning curves
in the suction water content relationship. However, for each drainage or imbibition cycle
different set of parameters has to be provided. The above mentioned equations are explained
in the following and are used in the present investigation for analysis of the experimental
results of the soil-water characteristic curves.

- Brooks and Corey (1964)

One of the earliest equation was proposed by Brooks and Corey (1964). Brooks and
Corey (1964) suggested an power-law relationship for relating volumetric water content
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to matric suction:

Θ =
(

1
αψ

)λ

(2.9)

where: Θ = (θ − θr)/(θs − θr) is the normalized volumetric water content, θs is the
saturated volumetric water content and θr is the residual volumetric water content, α

defines the air-entry value and λ is called a pore size distribution index. This equation
only applies for suction values greater than the air-entry value. This equation is not
valid in the saturated zone.

- Van Genuchten (1980)

A well known and frequently used sigmoidal type equation is that given by van
Genuchten (1980) :

Θ =
1

[1 + (αψ)n]m
(2.10)

where: a, n, and m are curve fitting soil parameters. Burdine (1953) suggested that
m be calculated as m = 1 − 2

n and Mualem (1976) suggested that m be calculated as
m = 1− 1

n . These assumptions reduce the accuracy of the suction-water content curve fit
but allow the relative hydraulic conductivity function to be represented as closed-form
equations.

- Fredlund and Xing (1994)

Fredlund and Xing (1994) proposed an equation for the soil-water characteristic curve
that is similar in form to the van Genuchten (1980) equation :

Θ = C(ψ) · 1{
ln

[
e +

(
ψ

a

)n]}m (2.11)

where: a, n as well as m are curve-fitting parameters related to the air-entry value
and the shape of the curve and C(ψ) is a correction function. The correction function
enables the best-fit to reach a suction equal to 106 kPa at a water content equal to zero
and is defined as:

C(ψ) =
−ln

(
1 +

ψ

ψr

)

ln

[
1 +

(
106

ψr

)] + 1 (2.12)

where: ψ is the suction and ψr is the residual suction and ln is the natural logarithm.

Brooks and Corey (1964) applied their model on sand, silt, and glas beads, van Genuchten
(1980) tested his model on sandstone, loam and clay, Fredlund and Xing (1994) tested their
model on sand, silt as well as clay.

To show the shape of the curves (residual analysis performed as well as parameters are
given in detail for Hostun sand in Chapter 7) in Fig. 2.15 experimental results for sand
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Figure 2.15: Experimental results for Hostun sand from drainage: soil-water characteristic
curve and fitted results using empirical models

(see Chapter 6) are fitted using the above mentioned equations. In general good agreement
between observed and calculated values was found for all used models. An disadvantage of
the equation proposed by Brooks and Corey is, that the calculated results in the region of
the air-entry value are not proper conform to the experimental results. The calculated results
fit well to the experimental results in the saturated zone, transition zone and residual zone.
Comparing the experimental and calculated results using van Genuchten’s equations it can be
observed that the calculated results in the region of the residual suction as well as the residual
zone are in better agreement to the experimental results when using the flexible parameter
m. Good fit was found when using Fredlund and Xing’s equation. Whereas van Genuchten’s
equation does not tend to 0 in the residual zone, Fredlund and Xing’s equation even considers
the water content to be 0 at a suction of 106 kPa.

The influence of the parameters α and λ on the shape of the curve is given in Fig. 2.16
for Brooks and Corey’s equation. The parameter α is changing while the parameter λ is kept
constant in Fig. 2.16 on the left hand side. With decreasing α the curve is shifting to larger
values of suction and the air-entry value is increasing. When λ is decreasing the slope of the
curve is decreasing.
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Figure 2.16: Influence of Brooks and Corey parameters α and λ on the shape of the soil-water
characteristic curve
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Figure 2.17: Influence of van Genuchten parameters α and n on the shape of the soil-water
characteristic curve (in case m is a function of n)

The influence of the parameters α and n on the shape of the curve is presented in Fig. 2.17
using van Genuchten’s equation. In this case the parameter m is fixed to m = 1−1/n. Similar
to Brooks and Corey with decreasing α the curve is moving to larger values of suction. A
change of α influences the air-entry value. When n is changing while α is kept constant
the curve is rotating around its inflection point. With decreasing n the transition zone is
increasing and the value of the residual suction is also increasing. The slope of the curve
becomes lower when the parameter m is decreasing as shown in Fig. 2.18. Here m is a flexible
parameter.

The influence of the parameters α, n and m on the shape of the curve for Fredlund and
Xing’s equation shows Fig. 2.19. An increase in the parameter α causes a shift of the curve to
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Figure 2.18: Influence of van Genuchten parameter m on the shape of the soil-water charac-
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Figure 2.19: Influence of Fredlund and Xing parameters α, n and m on the shape of the
soil-water characteristic curve

larger suction values and an increase in the air-entry value. The curve is rotating around the
inflection point when the parameter n is changing. As larger n as steeper the curve and as
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smaller the transition zone and the residual suction. The parameter m influences the plateau
of the curve. With increasing m the lower plateau moves up in the residual zone.

- Feng & Fredlund (1999), Pham (2003)

An empirical model that takes hysteresis into account is that proposed by Feng &
Fredlund (1999). The relation utilizes the main drainage curve and two experimental
data on the main imbibition curve to predict the entire relation between water content
w and suction during imbibition (see Fig. 2.20):

w(ψ) =
wubd + cψdd

b + ψdd
(2.13)

where: w is the water content, wu is the water content on the main drainage curve at
zero soil suction, c presents the water content at high soil suction and bd and dd are
curve-fitting parameters for the drainage curve. Pham et al. (2003) enhanced the above
written model and suggested the following equations to define two suction values along
the main drainage curve by using parameters derived from main imbibition curve fit:

ψ1i ≈
(

bd

10

)1/dd

, ψ2i = ψ1i − 2

{[
bd(wu − w1i)

w1i − c

]1/dd

− b1/dd

}
(2.14)

where: bd and dd are best-fit parameters from the main drainage curve using Eq. 2.13
and ψ1i, ψ2i and w1i, w2i are the water content and the suction values in the two points.
Knowing ψ1 and ψ2 and the measured water contents w1i and w2i the unknown curve
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Figure 2.20: Soil-water characteristic curve including the two points used for estimation of
imbibition curve
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fitting parameters bi and di for imbibition curve can be calculated using:

di =
log

[
(w1i − c)(wu − w2i)
(wu − w1i)(w2i − c)

]

log(ψ2i/ψ1i)
, bi =

(w1i − c)ψdi
1i

wu − w1i
(2.15)

The parameters bd and dd in Eq. 2.13 are replaced by the determined parameters bi

and di used for estimation of the main imbibition curve. Exemplary main drainage and
imbibition curve are given in Fig 2.20 for Hostun sand, where the additional two points
for deriving the main imbibition curve from the main drainage curve are included.

Physical Models

Domain models are based on physical properties of the soil. Domain models are divided into
independent domain models and dependent domain models. Based on Néel´s diagram (Néel
1942, 1943) or Mualem´s diagram (Mualem 1974), where the distribution of water in a soil
is defined during drainage and imbibition processes, the hysteresis was described by Everett
& Smith (1954), Everett (1955), Poulovassilis (1962), Philip (1964), Mualem (1974, 1984a),
Hogarth et al. (1988) (independent domain models) and Mualem & Dagan (1975), Mualem
(1984b), Topp (1971b), Poulovassilis & El-Gharmy (1978) (dependent domain models). De-
pendent models were derived from independent models and additionally consider the effect
of pore water blockage against the air-entry value and the water-entry value in a soil during
drainage and imbibition. Poulovassilis (1962) performed drainage-imbibition tests on glass
bead porous medium and was one of the first who applied the domain theory to hysteresis.
He obtained good agreement between predicted values and observed values. Further models
were suggested by Everett (1967), Topp (1971b). For these models a set of measured suction-
water content data at the scanning curves is required. To reduce the amount of required
experimental data Philip (1964), Mualem (1974) proposed similarity hypothesis. Based on
similarity hypothesis Mualem proposed several models (Mualem 1977, 1984b). These models
require boundary drainage curve for prediction.

The measurement of suction water content relationship in the field and also in the labo-
ratory is a time consuming procedure. Sometimes it is useful to estimate the suction water
content before. Physical models are capable to estimate the relation between saturation and
suction based on typical soil parameters as grain-size distribution or porosity. Physical models
based on soil parameters (e.g. grain-size distribution, void ratio) and/or pore geometry were
suggested amongst others by Arya & Paris (1981), Haverkamp & Parlange (1986), Fredlund
et al. (1997), Zapata et al. (2000), Aubertin et al. (2003), Zou (2003, 2004). These models
utilize soil properties as well as geometric properties to estimate the suction water content
relationship. Rojas & Rojas (2005) suggested a probabilistic model that is based on the phys-
ical description of a porous system. Therefore two different elements, the sites (cavities) and
bonds (throats) are considered each with a proper size distribution. Whereas most models
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developed do not consider hysteresis the models by Zou (2003, 2004), Rojas & Rojas (2005)
take hysteresis into account.

Following are physical models that have been adopted in the present investigation. The
models by Aubertin et al. (2003) and Zou (2003, 2004) were chosen to predict the soil-water
characteristic curve of Hostun sand.

- Kovacs (1981), Aubertin (2003)

Kovacs (1981) proposed a model, that was extended by Aubertin et al. (2003) for a
general application to porous media. The model makes use of a reference parameter
defined as the equivalent capillary rise of water in a porous medium to define the rela-
tionship between saturation and matric suction. The equivalent capillary rise is derived
from the expression for the rise of water in a capillarity with certain diameter. Two
components of saturation are considered: i) the saturation held by capillary forces, the
component that is obtained from cumulative pore-size distribution function and ii) the
saturation held by adhesive forces at higher suction values, that is the van der Waals
attraction between grain surface and water dipoles. Following Aubertin et al. (2003),
where the coefficient of uniformity Cu, the diameter corresponding to 10% passing the
grain-size distribution curve D10, the void ratio e and a shape factor α are used, the
drainage suction-saturation relationship was preliminary estimated for loose as well as
dense Hostun sand specimens as given in Fig. 2.21. Estimated results are compared to
experimental results carried out for Hostun sand specimens (see Chapter 6). Parameters
used for the prediction are given in Tab. 2.3. The soil classification parameter D10 is
estimated from the grain-size distribution curve (see Fig. 5.1) and Cu is calculated using
the following relation:

Cu =
D60

D10
(2.16)

where: D60 and D10 are the diameters corresponding to 10% as well as 60% passing the
grain-size distribution curve. According to loose and dense packed specimen the void
ratio is taken. The shape factor α is chosen following Kovacs (1981), who suggested
α = 10.

- Zou (2003, 2004)

Table 2.3: Parameters used for prediction of soil-water characteristic curve (Aubertin et al.
(2003)

D10 Cu e α

Loose specimen 0.21 1.72 0.89 10
Dense specimen 0.21 1.72 0.66 10
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Figure 2.21: Estimated drainage soil-water characteristic curve for Hostun sand using the
model by Aubertin et al. (2003) in comparison with experimental results (loose and dense
specimen)

To predict the boundary hysteresis curves and the scanning curves of unsaturated soils
a physical model was proposed by Zou (2003, 2004) and tested on Hostun sand (Lins
et al. 2007). Because the equations are not trivial it is explained in more detail in
Appendix A. In this model, pores in an unsaturated soil are considered to be composed
of the contact regions between two tangent soil particles and the irregular frustum-
shaped pores among several adjacent particles (Fig. 2.22 a)). It is also assumed that
all particles in the soil are sphere-shaped and have the same sphere radius rs and that
all frustum-shaped pores are regular symmetrical frustum-shaped pores which have the
same height rs, the same lower radius r1 and the same upper radius r1 + ξ · rs (Fig. 2.22
b)). The average number of the contact points of a particle with its neighbors is termed
as contact number nc. The average number of the frustum-shaped pores per particle is
called as frustum number nf0.

The model includes 7 parameters. To determine the influence of the parameters on the
shape of the curves an analysis was performed. While the influence of the parameter
nc is negligible the parameters αmax, nf0, ξ, ζ, µ and Sr0 are influencing the shape of
the soil-water characteristic curve. To clarify the influence of the parameters on the
shape of the soil-water characteristic curve, it is classified into three sections, namely
the saturated zone, the unsaturated zone as well as the residual zone. Additionally
typical parameters for the air-entry value ψaev, the saturated volumetric water content
θs, and the residual volumetric water content θr, with the corresponding residual suction
ψr, and the water-entry value ψwev are used (see also Fig 2.8). The parameter ξ is
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responsible for the geometry of the frustums, the parameter nf0 describes the number
of the frustums, and the parameter µ describes the drainage process of some residual
frustums, thus they are responsible for the volume of water in the frustum-shaped pores,
and influence mainly the saturated and the unsaturated zone.

Maximum contact angle αmax: The maximum contact angle αmax is reached, when ad-
joining contractile skins are in contact and the frustum-shaped pores are filled with wa-
ter. As smaller the contact angle αmax as higher the suction, which has to be applied for
draining the contact regions. With decreasing contact angle αmax the unsaturated zone
is increasing and the residual zone is decreasing during drainage process (see Fig. 2.23).

Frustum number nf0 per sphere: When αmax is reached, the frustum-shaped pore be-
tween the grains is filled with water. The remaining pore volume is taken into account
by a function, describing the volume of a frustum. The largest volume of water is lo-
cated in these pores. Thus the number of frustums nf0 is influencing the shape of the
curve significantly in the saturated zone as well as unsaturated zone. With increasing
nf0 the saturated zone and unsaturated zone is shifting to higher suction values during
drainage process. Same behavior can be observed for the imbibition process. As larger
nf0 as larger the air-entry value ψaev and the water-entry value ψwev (see Fig. 2.24).

Form parameter ξ: The form parameter ξ defines the geometry of the frustum and
estimates the upper diameter of the frustum. With increasing ξ the curve becomes
flatter for drainage and imbibition process. As smaller ξ as more distinct the air-entry
value ψaev. The saturated zone is shifting to higher suction values for decreasing ξ while
wetting the specimen (see Fig. 2.25).

Material parameter ζ: The material parameter ζ is responsible for the form of the
meniscus in the frustum-shaped pores and thus it influences the suction (ua − uw)
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Figure 2.22: Pore spaces and pore water (Zou 2003)
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when the frustum-shaped pores are wetting or draining. Furthermore, it influences the
saturated and unsaturated zone. The larger ζ is, the larger the air-entry value ψaev.
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Figure 2.23: Influence of the parameter αmax on the shape of the soil-water characteristic
curve
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Figure 2.24: Influence of the parameter nf0 on the shape of the soil-water characteristic curve
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Fraction of frustums µ: The fraction of frustums µ only influences the drainage process.
During the drainage process the larger frustum-shaped pores are draining first while the
smaller pores still remain water. With increasing µ the residual degree of saturation Sr

is increasing for the corresponding residual suction ψr (see Fig. 2.26).
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Figure 2.25: Influence of the parameter ξ on the shape of the soil-water characteristic curve
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Figure 2.26: Influence of the parameter µ on the shape of the soil-water characteristic curve
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Degree of saturation Sr0 for (ua−uw) ≈ 0: During the imbibition process of a soil some
air bubbles can be occluded in the pore water. If the ratio of the net volume of pore
water to the total volume of pore water (including the volume of the closed air bubbles)
during the imbibition process is assumed to be constant, then the ratio is just the degree
of saturation Sr0 for (ua− uw) ≈ 0. The parameter Sr0 influences mainly the saturated
zone and thus influences the air-entry value ψaev.

Various hysteresis models for calibrating the soil-water characteristic curve were compared to
each other by several authors Jaynes (1984), Viaene et al. (1994), Pham et al. (2005). Jaynes
(1984) compared the so called point method (Dane & Wierenga 1975), the slope method that
is a modified point method, the linear method (Hanks 1969) and the domain model (Mualem
1974). While the last two models predicted the best shape, the linear method was sug-
gested to use for numerical simulation of hysteretic flow because of its simplicity. A statis-
tical analysis of 6 hysteresis soil-water characteristic curves was carried out by Viaene et al.
(1994). The authors considered empirical models (Hanks 1969, Scott et al. 1983) as well as
independent (Mualem 1974, Parlange 1976) and dependent (Mualem 1984a) domain models.
Best agreement between observed and measured data was found when using both models of
Mualem, which are not trivial to use. When applying the empirical model by Scott et al.
(1983) good agreement was found. They confirmed that neglecting the hysteresis behav-
ior when describing drainage and imbibition path results in significant errors. In a recent
study Pham et al. (2005) compared 2 empirical models with 6 domain models on 34 soils
different of type. For the prediction of drainage and imbibition curves the empirical model
by Feng & Fredlund (1999) was suggested. For predicting scanning curves the domain model
by Mualem (1974) seemed to be the most accurate.

Discussion on soil-water characteristic curve as expressed by linearized functions and es-
sentially non-linear functions have been presented by Stoimenova et al. (2003a,b, 2005). The
methodology to assess the quality of the curve fitting through statistical analysis is also ad-
dressed. Agus et al. (2003) assessed three statistical models (Childs and Collis-George model
(1950), Burdine model (1950), Mualem model (1976)) with different soil-water characteristic
curves (Gardner 1958, van Genuchten 1980, Fredlund & Xing 1994).

2.5.2 Models for Unsaturated Hydraulic Conductivity

Unsaturated hydraulic conductivity functions can be calculated using either an indirect
method or a direct method. A variety of indirect methods can be used to determine the
unsaturated hydraulic conductivity function, namely, empirical models, macroscopic models
and statistical models (Leong & Rahardjo 1997a).



2.5. CONSTITUTIVE MODELS FOR HYDRAULIC FUNCTIONS 53

Empirical Models

Empirical models (Richards 1931, Gardner 1958, Brooks & Corey 1964) incorporate the sat-
urated hydraulic conductivity and a sufficient set of experimental data of unsaturated hy-
draulic conductivity measurements, that are best fitted. One of the earliest equation, a linear
function, was proposed by Richards (1931). The equations are either related to the suction
(Richards 1931, Wind 1955, Gardner 1958) or to the volumetric water content (Gardner 1958,
Campbell 1973, Dane & Klute 1977). Because water is only flowing through the water phase
in soils unsaturated hydraulic conductivity and soil-water characteristic curve are similar in
shape. Thus soil-water characteristic curve parameters of well established soils can also be
used to determine unsaturated hydraulic conductivity function. Advantages and disadvan-
tages of direct and indirect methods for obtaining the unsaturated hydraulic conductivity
have been given by Leong & Rahardjo (1997a).

Macroscopic Models

Macroscopic models were developed on the assumption that laminar flow occurs on a micro-
scopic scale that obeys Darcy´s law at the macroscopic level. Generally macroscopic models
are based on the following general form:

kr(ψ) = Se(ψ)δ (2.17)

where Se is the effective degree of saturation, ψ is the suction and the exponent δ is a
fitting parameter. Depending on the type of soil the parameter δ is varying between 2 and
4. Averjanov (1950) suggested δ = 3.5, Irmay (1954) suggested δ = 3.0 and Corey (1954)
suggested δ = 4.0. Brooks & Corey (1964) showed that the exponent δ = 3 is valid for
uniform soils only. To account for the effect of pore-size distribution Brooks & Corey (1964)
expanded the exponent to δ = (2 + 3λ)/λ, where λ is a pore-size distribution index. A
knowledge of the soil-water characteristic curve and the saturated hydraulic conductivity is
required when using macroscopic models. The main disadvantage of macroscopic models is,
that the effect of pore-size distribution is neglected.

Statistical Models

Statistical models use the best-fitted suction-water content relation in connection with the
saturated hydraulic conductivity to derive the relative hydraulic conductivity function. The
unsaturated hydraulic conductivity function k(ψ) can be calculated from the following rela-
tionship:

kr(ψ) = k(ψ)/ks; with kr(ψ) = 1 for ψ ≤ ψaev (2.18)

where: kr is the relative hydraulic conductivity and ks is the saturated hydraulic conductivity.
Statistical models are based on the following assumptions (Mualem 1986):
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1. The porous medium is assumed to be an assembly of randomly interconnected pores
with a certain statistical distribution.

2. The Hagen-Poiseuille equation is valid and used to determine the conductivity in a pore
channel.

3. The soil-water characteristic curve is a representation of the pore-size distribution func-
tion based on Kelvins capillary law.

Mualem (1986) provided an extensive study of statistical models for estimating unsaturated
hydraulic conductivity. The author reviewed the statistical models and found three general
pore-size functions, namely the Childs and Collis-George model (1950), the Burdine model
(1953) and the Mualem model (1976). Review of hydraulic conductivity functions utilizing
empirical expressions can be found in the geotechnical literature (Fredlund et al. 1994, Leong
& Rahardjo 1997a, Huang, Barbour & Fredlund 1998, Agus et al. 2003). Agus et al. (2003)
assessed statistical methods with different suction-water content equations for sands, silts and
clays. They found best agreement between experimental and measured results for sand when
using the modified Childs & Collis-George (1950) model together with the Fredlund & Xing
(1994) suction-water content model.

Numerous equations have been proposed by several researchers to predict the relative
hydraulic conductivity function from the soil-water characteristic curve. Among them are the
models by Marshall (1958), Millington & Quirk (1961), Kunze et al. (1968). An attractive
closed-form equation for the unsaturated hydraulic conductivity function was given by van
Genuchten (1980), who substituted the soil-water characteristic curve in the conductivity
model of Mualem (1976). Disadvantage of the closed form equation is, that the van Genuchten
soil-water characteristic curve parameter m is restricted to m = 1− 2/n and thus reduces the
accuracy of the best fit. Therefore the closed form equation is not used in this thesis. Fredlund
et al. (1994) combined Fredlund and Xing’s model for soil-water characteristic curve with the
statistical pore-size distribution model of Childs & Collis-George (1950) and derived a flexible
relative hydraulic conductivity function. Three models, namely the Childs and Collis-George
model (1950), the Mualem model (1976) and the Fredlund et al. model (1994) are used in
this study. In the following the expressions are introduced.

- Childs & Collis-George (1950)

Based on randomly interconnected pores with a statistical distribution Childs & Collis-
George (1950) obtained the following expression:

k(θ) = M

(∫ %=R(θ)

%=Rmin

∫ r=R(θ)

r=%
%2f(ρ)f(r)drdρ +

∫ ρ=R(θ)

%=Rmin

∫ r=%

r=Rmin

r2f(r)f(%)d%dr

)

(2.19)
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where: f(r) represents the probability of the pores with a larger radius, r, and f(%)
represents the probability of the pores with a smaller radius, % and M is a geometry and
fluid parameter. It is assumed that the resistance to flow is from the smaller pores % and
only one connection exists between the pores. Childs and Collis-George also suggested
the summation form of the above integral. By dividing the integral into equal intervals of
water content Marshall (1958) calculated the saturated conductivity. Kunze et al. (1968)
provided further modifications and calculated the unsaturated hydraulic conductivity.
The most general form of the Childs & Collis-George (1950) type of statistical model is
given as:

kr(θ) = Θn

∫ θ

0

(θ − ζ)dζ

ψ(θ)2+m

∫ θs

0

(θs − ζ)dζ

ψ(θ)2+m

(2.20)

where: ζ is a dummy integration variable and n, m are parameters. In the modified
Childs and Collis-George model the parameters are set to n = m = 0.

- Mualem (1976)

Mualem (1976) derived a similar model for establishing the relative conductivity func-
tion:

kr = Θq




∫ θ

θr

dθ

ψ(θ)∫ θs

θr

dθ

ψ(θ)




2

(2.21)

where: q is a value depending on the properties of the specific type of soil fluid. Mualem
(1976) tested 45 soils and suggested q = 0.5.

- Fredlund et al. (1994)

Fredlund et al. (1994) substituted Eq. 2.11 into the integral form of the Childs & Collis-
George model and predicted the following relative conductivity function for unsaturated
soils using the soil water characteristic curve:

kr(θ) =

∫ b

ln(ψ)

θ(ey)− θ(ψ)
ey

· θ′(ey)dy

∫ b

ln(ψaev)

θ(ey)− θs

ey
· θ′(ey)dy

(2.22)

where: b is equal to ln(1,000,000), y presents the logarithm of suction, θ′ is the time
derivative of Eq. 2.11 and e is the base of the natural logarithm. Whereas this equation
requires the functional relation between suction and water content using Fredlund and
Xings (1994) model, the other two are applicable with any soil-water characteristic curve
model.
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Figure 2.27: Unsaturated hydraulic conductivity of sand derived from several soil-water char-
acteristic curve models using statistical models
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Fig. 2.27 shows results of indirectly estimated hydraulic conductivity functions using the
above introduced statistical models in correlation with the soil-water characteristic curves
given in the previous section. The model by Fredlund et al. (1994) is restricted to use only
in combination with their proposed soil-water characteristic curve. The relative hydraulic
conductivity versus effective saturation as well as unsaturated hydraulic conductivity versus
suction are shown.

2.6 Identification of Hydraulic Functions using Inverse Proce-
dures

The use of inverse modeling techniques has increased in the past years. In comparison to the
determination of hydraulic functions using conventional experiments performed under equilib-
rium condition inverse modeling is a fast method to estimate unsaturated hydraulic functions
using measurements from outflow and inflow experiments. With increase in computer power
inverse methods based on parameter optimization for soil hydraulic functions have been de-
veloped for estimation of unsaturated hydraulic properties. Traditionally experimental results
from following inflow/ outflow tests were utilized for inverse procedures:

- one-step method including water outflow data

- one-step method including water outflow data plus pressure head measurements

- multistep method including water outflow data

- multistep method including water outflow data plus pressure head measurements

- continuous flow method including flow data and pressure head or water content mea-
surements

The set up of the experiment as well as the boundary conditions have to be selected carefully to
guarantee unique and robust identification of the unsaturated hydraulic parameter set. In the
last years several researchers applied the inverse approach to one-step outflow experiments, but
encountered problems with the non-uniqueness of the solution. Differences between inversely
determined and independently measured data were found. Carrera & Neumann (1986) defined
criteria of uniqueness, stability and identifiability for inverse problems. The use of inverse
methods for the determination of unsaturated flow parameters using transient experimental
data was first reported by Zachmann et al. (1981, 1982). State of the art report for inverse
modeling of flow experiments is given in Durner et al. (1999).

- Inverse procedure using experimental results derived from the One-step method

Kool et al. (1985a) investigated the feasibility of the determination of unsaturated
hydraulic functions using cumulative outflow measurements from one-step pressure
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method. The authors examined the parameter identification procedure on two hy-
pothetical soils (parameters correspond approximately to those of a sandy loam and
a clay loam) in combination with van Genuchten’s model. Unique identifications only
were performed when the applied suction increment was large enough to yield a low
final water content under an adequate period of time and thus a broad range in water
contents was examined. Initial parameter estimates close to their true values as well
as precise experimental data are necessary for the approach. In a second paper Kool
et al. (1985b) used data of cumulative outflow versus time from one-step outflow ex-
periment for calculation of the van Genuchten parameters by inverse simulation of the
flow problem. Experiments were carried out for drainage on 4 different soils (sand loam,
silt loam, sandy clay loam, clay) by applying a pressure step of 100 kPa to the initially
saturated specimens. 3 methods were compared: i) a method, where the cumulative
outflow with time was used, ii) a method, that includes additionally measured data of
the water content at a pressure head of 1500 kPa and iii) a method, which uses data
from conventional equilibrium experiments. Predicted and measured cumulative out-
flow data, diffusivity as well as predicted and measured soil-water characteristic curves
were compared. Using the 2nd method yields the best fit in cumulative outflow data and
hydraulic diffusivity. While the 3rd method gave the best description of the soil-water
characteristic curve. Although good results were achieved for all methods, pressure head
data were required to get unique solutions.

Similar to the work of Kool et al. (1985b) the work by Toorman & Wierenga (1992) is
concerned with the inverse approach for estimating unsaturated flow parameters from
one-step method on a synthetic soil. Response surfaces of van Genuchten parameters
(i.e. one of the three parameters was kept constant during optimization procedure,
while the other two were changed) were plotted to show the non-uniqueness and ill-
posedness of the solutions. Non-uniqueness was proven by wide valleys for instance in
the α− n plane indicating that there are many solutions for providing reasonable good
predictions of one outflow problem. To improve the inverse approach additionally water
content as well as pressure head measurements were carried out during the one-step
outflow test. However, measurements of water content did not improve the parameter
estimates. The authors found, that combining outflow data and pressure head data
appears most promising for estimating unsaturated flow parameters.

Dam et al. (1992) performed an extensive work on the reliability of inverse estimation
using one-step outflow data on loess, silt loam, sand and loam. They used different
parameter combinations and input data to estimate the unsaturated hydraulic con-
ductivity functions of the investigated soils and compared the results with unsaturated
hydraulic conductivity function measurements. The results showed, that it is insufficient
to carry out inverse simulation only on cumulative outflow data. Independent data of
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soil-water characteristic curve are necessary to estimate reliable unsaturated hydraulic
conductivity functions.

- Inverse procedure using experimental results derived from the Multistep method

Unsaturated hydraulic conductivity was directly estimated using tensiometer measure-
ments during multistep outflow experiments and in a additionally performed steady-
state downward flow experiment (Klute & Dirksen 1986b). Three different soils were
investigated (loamy sand, sandy loam, loam). The direct estimation of the unsaturated
hydraulic conductivity using tensiometer measurements only gave 2 results for each soil,
that is not very meaningful. The comparison of the results showed that the unsaturated
hydraulic conductivity calculated from steady-state downward flow experiment were
underestimated by the inversely determined unsaturated hydraulic conductivity using
multistep outflow data. The authors found the multistep method is superior to the
one-step method and is more feasible for simulating unsaturated flow.

A comparison of inverse solutions for determination of unsaturated hydraulic functions
using both one-step and multistep experimental data was conducted by Eching & Hop-
mans (1993) on silt loam, loam, sandy loam and fine sand for one drainage cycle. To
avoid the lack of uniqueness simulations were performed not only in combination with
initial and final water content and pressure date, but also including soil water pressure
head data. Therefore a pressure cell was additionally instrumented with a tensiometer
sensor and pressure transducer. The authors found that the identification of soil-water
characteristic curves by using one-step and multistep outflow data are improved when
using simultaneously measured water content and corresponding suction data.

Both one-step and multistep approaches for the estimation of unsaturated hydraulic
functions using inverse modeling were also compared by Dam et al. (1994) on a loam.
Using the outflow measurement data only the multistep outflow method resulted in
unique estimates while the one-step outflow method often yielded in non-unique solu-
tions. Major problem of the one-step pressure method is the fast change in pressure,
that does not occur in nature and that may leads to non-equilibrium condition in the
investigated soil (Dam et al. 1992, 1994).

The multistep method was reevaluated by Fujimaki & Inoue (2003), who checked the re-
liability of the multistep method through comparisons with independently measured un-
saturated hydraulic conductivity. Unsaturated hydraulic conductivity was determined
using outflow data and i) an optimization method and tensiometer readings, ii) a direct
method using tensiometer readings in one depth and iii) a direct method using ten-
siometer readings in two depth. Best agreement was found between the direct measured
results. The observed results using optimization method were underestimated by the
measured results.
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When using van Genuchtens model for inverse simulation of hydraulic unsaturated soil
properties (Eching et al. 1994, Dam et al. 1994, Zurmühl & Durner 1996) demonstrated
that the multistep method is superior to the one-step method.

- Inverse procedure using experimental results derived from the continuous flow method

Alternatively to the one step and multistep method Durner (1991) suggested the con-
tinuous flow method. A comparison of inverse modeling of one-step, multistep and
continuous flow method experiments by Durner et al. (1999) showed that the multi-
step method and the continuous flow method are the preferred methods to identify
unsaturated hydraulic parameters.

A free-form parameterization approach for estimation of soil hydraulic properties was sug-
gested by Bitterlich et al. (2004) to avoid often experienced problems of ill-posedness of
inverse problems. Mathematical and numerical modeling concepts for simulation of unsatu-
rated/multiphase flow were discussed in detail by Helmig (1997).

2.7 Volumetric Behavior of Partially Saturated Soils

In the review below it is focused on one-dimensional behavior of sand that is derived from
one dimensional compression and rebound tests performed in oedometer cell.

2.7.1 Stress-Strain Behavior

Several tests are available to measure the stress-strain behavior of a soil, e.g. the isotropic
compression test, the one-dimensional compression test, the triaxial test or the direct shear
test. In the present study the stress-strain behavior of unsaturated soil was investigated using
one-dimensional compression and rebound tests. This type of experiments are performed in
conventional oedometer cells. The test includes the application of stress to a soil specimen
along the vertical axis, while the strain in the horizontal direction is restricted. Typical
results are shown in Fig. 2.28. For determination of stress-strain behavior one-dimensional
compression and rebound test is often used, because it is simple to perform and the strain
condition in the soil specimen is approximately similar to the situation of the soil in civil
engineering problems as settlements of an embankment. The loading of a soil specimen can
be applied either under drained or undrained conditions. Under drained condition the pore-air
and pore-water pressure are allowed to drain during testing procedure while under undrained
condition the total stress is applied to the specimen resulting in an excess of pore-water and
pore-air pressure (Rahardjo & Fredlund 2003). Major problem when dealing with oedometer
is the friction between the soil sample and the oedometer ring, where shear forces develop. The
presence of side friction disturbs the one-dimensional state of strain and prevents the applied
axial force to reach to 100% the bottom part of the specimen. For minimizing this effect the
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Figure 2.28: Vertical stress versus void ratio (left) as well as vertical stress versus vertical
strain curves (right) including loading, unloading and reloading path for Hostun sand

ratio between thickness and diameter is kept as small as possible (e.g. 1:3 or 1:4) (Lambe &
Whitman 1969).

Important parameters derived from one-dimensional compression tests are the stiffness
modulus Eoed,ur, the compression index Cc as well as swelling index Cs. Following equations
are used to calculate these parameters (DIN 18135):

Cc = − ∆e

∆log σ
Cs = − ∆e

∆log σ
(2.23)

where: e is the void ratio and σ is the vertical net stress. According to Eqs. 2.24 the stress
dependent stiffness moduli Eoed and Eur can be calculated, where Eref

oed is the reference stiffness
modulus for initial loading and Eref

ur is the reference stiffness modulus for un-/reloading path
determined for a reference stress σref and m̂ is a parameter (Ohde 1939, Schanz 1998):

Eoed = Eref
oed ·

(
σ

σref

)m̂

Eur = Eref
ur ·

(
σ

σref

)m̂

(2.24)

The parameter m̂ and the normalized stiffness modulus Eref
oed and Eref

ur respectively are derived
by regression process, that is presented in the diagrams in Fig 2.29. To linearize the function
between vertical net stress and strain ε(σ) the logarithm of the strain ln(ε) and the logarithm
of the normalized stiffness modulus ln(σ/σref ) is used:

ln(ε) = α · ln
(

σ

σref

)
+ β Eref

oed,ur =
1
α
· σref

expβ
m̂ = 1− α (2.25)

where: α and β are parameters.
The influence of suction on the stress-strain behavior of unsaturated soils has been exam-

ined experimentally based on the independent stress state variables, namely the net stress as
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Figure 2.29: One dimensional compression and rebound results for Hostun sand and appro-
priate regression functions

well as matric suction (Alosnso et al. 1987, Delage 2002, Rahardjo & Fredlund 2003). When
dealing with experiments on unsaturated soils special test features are required, e.g. ceramic
disk for separation of air phase and water phase, equipment for application of pore-air pressure
as well as pore-water pressure for application and control of matric suction. Among others,
oedometer cells for investigation of unsaturated soils were developed by Kassiff & Shalom
(1971), Escario & Saez (1973), Romero (1999), Rampino et al. (1999). Most of these cells
were used to investigate the volume change behavior of unsaturated silts or clays. Several
authors (Cui & Delage 1996, Rahardjo & Fredlund 2003) have been demonstrated that the
suction has a significant influence on the mechanical unsaturated soil behavior of cohesive
soils as volume change and stiffness. For instance Cui & Delage (1996), Rampino et al. (2000)
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investigated the stress-strain behavior of a silt using dimensional compression and rebound
tests and their results confirm that increasing suction has a beneficial effect on its mechanical
behavior. That means with increasing suction the compressibility decreased and the stiffness
increased.

Considering granular materials most experimental studies were performed on saturated
(S = 0, S = 1) specimen as done by Oda et al. (1978) who performed plane strain and triaxial
compression tests on samples of naturally deposited sands. Desrues et al. (1996) performed
triaxial tests on sand. Gennaro et al. (2004) investigated the influence of different loading
path on the undrained behavior of saturated sand (Hostun sand) carried out in several triaxial
tests. Schanz & Vermeer (1996) derived elasticity moduli of dry sand specimen (Hostun sand)
from one-dimensional compression and triaxial tests. The influence of void ratio was studied.
Many researchers studied the influence of void ratio and loading path on the stress strain
behavior of sand. The influence of suction or water content was not from interest even it is
well known that the suction (in this case the matric suction) is the main force influencing the
hydro-mechancial behavior of granular materials.

2.7.2 Collapse Behavior

An important feature of the volume change behavior of unsaturated soils is the collapse
phenomenon. The oedometer apparatus usually is used to predict the collapse potential of a
soil. The collapse phenomenon is defined as the decrease of total volume of a soil resulting
from a induced wetting and the breakdown of the structure of the soil at unchanging vertical
stress. The collapse potential CP conducted in a oedometer apparatus is the change in
specimen height ∆h resulting from wetting, divided by the initial height h0 of the tested
specimen, expressed in percent:

CP =
(

∆h

h0

)
· 100 (2.26)

The collapse can be slow or fast and its magnitude can vary between less than 1% and up
to 10% (Lawton, Fragaszy & Hardcastle 1991). The literature review by Lawton, Fragaszy
& Hetherington (1991) showed, that nearly all types of compacted soils are subjected to
collapse under certain conditions. But also naturally deposited soils, clean sands and pure
clays and also soils containing gravel fractions can undergo collapse (Lawton et al. 1992).
Whereas compacted soils generally collapse at high stress levels, naturally deposited soils can
collapse at low stress levels. Among others the amount of collapse increases with the applied
vertical stress, decreases with initial water content as well as decreases with dry density (Cox
1978, Lawton et al. 1989). Some conditions that are required for a soil to collapse are an
open partially unstable, unsaturated fabric in the soil and vertical stress. A suction that is
high enough to stabilize the unsaturated specimen or cementing agent between the grains are
required for a soil to collapse.
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Figure 2.30: Several cases of bonding

Barden et al. (1973) suggested several cases of bonding. This cases are shown in Fig. 2.30.
Four types of bond are presented: a fine silt bond (Fig. 2.30 a)), a clay bond (Fig. 2.30 b))
and flocculated clay buttress (Fig. 2.30 c)) and a bonding due to fluid (Fig. 2.30 d)). An
Environmental Scanning Electron Microscope (ESEM) photo (Schanz et al. 2001) of bonding
between sand grains due to capillary meniscus and cementing agent is given in Fig. 2.31.
Metastable structure was investigated by Barden et al. (1973). The authors found that due
to matric suction the decrease in strength will be immediate and due to clay bonding or
cementing agent the collapse might be retarded. In general the collapse process in unsaturated
soils is considered in terms of two separate components of stress, namely the applied vertical

Drainage Imbibition

Figure 2.31: Capillary meniscus during drainage (left) and imbibition (right) as well as ce-
menting in partially saturated sand
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stress and the suction. The addition of water to the unsaturated specimen reduces the suction
in the soil and weakens or destroys the bonding or cementing agent and thus causes shear
failure at the interaggregate or intergranular contacts (Casagrande 1930, Barden et al. 1973,
Mitchell 1993).

2.7.3 Influence of Stress History on Mechanical Behavior

The preconsolidation stress σ0, is the maximum effective stress to which the soil has been
exposed. Estimation of stress history characteristic are most often based on one-dimensional
compression tests. The interpretation of the stress-strain curve during initial loading gives
information, if the soil was already compressed by a greater overburden pressure. The pre-
consolidation pressure can be determined using several methods. Common used methods are
that proposed by Casagrande (1936) and Janbu (1969). Both methods are briefly described
below:

- Casagrande’s method (1936)

As presented in Fig. 2.32 Casagrande (1936) proposed a graphical method using the plot
of void ratio versus effective vertical net stress (e− log σ′). First the point of maximum
curvature (point A) on the recompression part is determined. Then the straight-line
part BC is produced. A Tangent is drawn to the curve at point A and the horizontal is
drawn through A. The angle between the horizontal and tangent is bisected. The point
of intersection of the bisector and BC gives the approximate value of the preconsolidation
pressure σ0.
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Figure 2.32: Casagrande’s (1936) and Janbu’s method (1969) for prediction of preconsolida-
tion pressure
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- Janbu’s method (1969)

Janbu (1969) proposed that the preconsolidation pressure can be determined from the
plot of tangent modulus M versus effective vertical net stress (M − σ′):

M =
∆ε

∆σ′
(2.27)

where: ε is the strain and σ′ is the effective vertical net stress (see Fig. 2.32). He found
a drop in stiffness modulus near the preconsolidation pressure signifying a breakdown
of the structural resistance. He defined the preconsolidation pressure as the point just
before the stiffness modulus levels out.

A detailed review of evaluation of of the preconsolidation pressure and a investigation of these
various methods is given by Grozic et al. (2003). Investigations on silt (Rahardjo & Fredlund
2003) showed, that soil has not only a memory with respect to effective stress, but also with
respect to suction. In the present study the methods given by Casagrande (1936) and Janbu
(1969) are used to estimate, if there is an influence of the applied matric suction on the stress
history behavior of granular material. The maximum stress to which the soil has been exposed
(i.e. due to suction) is determined equivalent to the preconsolidation pressure and called here
yield stress σ̃0.

2.8 Summary

This chapter summarizes important literature referring to unsaturated soils. In the beginning
unsaturated soils are introduced and differences in hydro-mechanical behavior of several types
of soils are given. Further stress state in saturated as well as unsaturated soils is explained.
Several authors suggested single valued stress equations and other authors suggested the
approach of independent stress state variable for describing unsaturated soils. In the present
study the approach of independent stress state variables is preferred and used to perform
experimental investigation on unsaturated sand. That is the application of suction and total
net stress with reference to the air-pressure or water pressure.

Phases in unsaturated soils as well as soil suction and its components are discussed. In
case of granular materials as sand the matric suction is the main component influencing its
characteristics.

The definition and meaning of both hydraulic functions, namely the soil-water character-
istic curve and unsaturated hydraulic conductivity function is given. Mainly the chapter is
focused on the methods for determination of hydraulic functions. Most common methods are
the one-step, multistep method and the continuous flow experiment that are used tradition-
ally in combination with inverse methods to determine hydraulic functions. However, in the
present work parallel measurements of water content and matric suction are carried out for
the direct identification of hydraulic functions for drainage and imbibition cycles.
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Typical equipment and measurement techniques needed when dealing with unsaturated
soils are introduced. Special features in the equipment used in this study allow to investigate
granular materials that includes for instance measurement of volume changes using dial gauge
with high resolution, attached burettes for application of small matric suction as well as matric
suction changes and the development of modified pressure plate apparatus.

An overview of several models for prediction of hydraulic functions is given. The review
showed that there is a need for a simple equation that considers determination of scanning
behavior of soil-water characteristic curve. Existent models are quite complex in use or their
parameters are difficult to measure in the laboratory.

Common type of test for prediction of the stress-strain behavior of soils is presented, that
is the one-dimensional compression and rebound test. Usually this type of test is performed
on saturated soils. The present study is concerned with unsaturated sand (the equipment and
measurements have to fulfill appropriate requirements as given above). Relevant equations
are given.
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Chapter 3

Introduction to Process Modeling -
A Statistical Approach

3.1 General

Direct determination of the relation between suction and volumetric water content, saturation
or gravimetric water content from experiments on sand are difficult to handle due to the
narrow soil suction within which the drainage and vice versa imbibition process take place.
That is the relevant range of suctions (e.g. between 0 to 20 kPa) to be measured is relatively
small but the measurement error of the instrument (e.g. tensiometer) may be large. For
this reason the assessment of the error and model validation are of critical importance in
experimental building up the soil-water characteristic curve for sand.

Most models suggested in literature for prediction of the hysteretic nature of the soil-
water characteristic curve are not trivial to use or do not fit the experimental data very well
(see also comparison of experimental and predicted data of sand in Chapter 7). Therefore in
the present chapter a method is proposed that can be used to develop suction-water content
model based on statistical analysis for experimental suction (i.e. total suction, matric suction,
osmotic) and water content (saturation, gravimetric water content) results.

3.2 Steps of Model Building

The main steps to be done for building an appropriate model are given in Fig. 3.1. Basic
assumption for process modeling is the availability of experimental results. However, in the
model selection step diagrams of the experimental data, knowledge of the process and assump-
tions about the process are collected to determine the form of the model, that will be used
for curve fitting. Then the selected model and possible information about the experimental
data, assumptions regarding to the process and a convenient curve fit method are used to
estimate the unknown parameters in the model. Using the model parameter estimates and
the experimental data, the model is assessed wether or not the model assumptions are valid.

69
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Selection of the model form 
based on the experimental 
results or prior model.

Model fit using 
parameter estimation.

Validation of model to asses
its adequacy.    

Is the 
experimental 
data sufficient?

Model is approriate for
fitting the experimental results.    

Design of suitable 
experiment.
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required data.

Is the Model 
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No
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Figure 3.1: Flow chart giving the main steps for developing a process model

If the assumptions of the model seem to be valid the model can be used for the present prob-
lem. If the model validation identifies problems with the current model the modeling process
should be improved using the information from the model validation or a new model should
be developed. It also could be necessary to design new experimental setup to collect new data
and start new parameter estimation and model validation procedure.

3.2.1 Collection of Data for Model Building

Model building of a certain process requires the design of an appropriate experiment as well
as the data collection. Data also can be collected from literature.
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3.2.2 Selection of the Model Form

Plots of the data, process knowledge and assumptions about the process are used to deter-
mine the form of the model to be fitted to the data. Process modeling is mainly used for
estimation, prediction, calibration and optimization. In the present work the model is used
for prediction of any combination of explanatory (suction ψ) and response variables (volu-
metric water content θ), including also values (within the interval of present data) for which
no measurements are available. In the model it is assumed that the volumetric water content
is subjected to a random error. Hence the model equation should contain at least a random
element with a specified probability distribution. The following general form is supposed for
the process model:

y = f(~x, ~β) + ε (3.1)

The model contains 3 main parts:

1. The response variable, that is denoted by y and represents the volumetric water content
θ.

2. The mathematical function f(~x, ~β), where x represents the explanatory variable (suction
ψ) and the parameters β (β0, β1...βn) in the model.

3. The random error ε.

Thus in our problem, where the function defines the relationship between the volumetric water
content (water content, saturation) and suction the general form leads to:

θ = f(~ψ, ~β) + ε (3.2)

The random error is the difference between the experimental data and the calculated data
and is assumed to follow a particular probability distribution.

Because of its effectiveness and completeness linear least square regression method will
be used for model building and for minimizing the error between observed and predicted
results. Therefor the experimental data of suction and volumetric water content have to be
transformed to linear relationship (see 3.2.3).

3.2.3 Appropriate Data Transformation and Selection of the New Model

As can be seen in Fig. 2.7 for several types of soils the soil-water characteristic curve is a
non-linear relationship. In this study the construction of non-linear regression model for soil
data following the methodology given in Stoimenova et al. (2003b, 2006) is illustrated. It
demonstrates fitting a non-linear model and the use of transformations to deal with violation
of the assumption of constant standard deviations for the residuals. For the construction of the
non-linear model transformation of the data to linear function is used. The transformations
are applied to the experimental data to achieve the following goals:
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- To satisfy the assumption, that the variances of the residuals are homogeneous.

- To linearize the experimental results as much as possible.

First it is tried to transform the response variable, that is the volumetric-water content θ

to get homogeneous variances. Often the square root (
√

θ,
√

ψ), the power of 2 (ψ2, θ2),
or logarithm (ln(θ), ln(ψ)) and even double logarithm (ln ln(θ), ln ln(ψ)) work well for such
kind of purpose. After examining these plots the data giving the best linear form is chosen
for model building. Based on the appropriate transformation found finally the corresponding
non-linear model is proposed.

3.2.4 Model Fit

In the present study the Levenberg-Marquardt algorithm, which is an improvement of the
Gauss-Newton method was used for solving non-linear least-squares regression problems. The
Levenberg-Marquardt algorithm provides a numerical solution to the problem by minimizing
a generally non-linear function over a range of parameters of the function. The parameters
β of a model curve are optimized so that the sum of the squares of the deviations becomes
minimum value:

g(β) =
∑

(θi − f(β, ψi))2 (3.3)

where: ψi and θi are sets of measured suction and volumetric water content and β represents
the parameters of the model f(x, β) + ε.

3.2.5 Model Assumption and Model Calibration

Model validation is possibly the most important step in model building sequence. The val-
idation of the fit from a selected model does not only include the quoting of the coefficient
of regression determination R2. A high value of R2 does not guarantee that the model suffi-
ciently fits the experimental data. Also the residual analysis is available, that is the primary
tool for model validation. Whereas the coefficient of regression determination R2 for model
validation is focused on a particular aspect of the relation between the model fit and the
experimental data and the information is compressed in a single value, the residual analysis
illustrates a broad range of complex aspects between the model fit and the experimental data.
The residual is the difference between the responses observed or measured (experimental re-
sults of volumetric water content) and the corresponding responses computed using the model
(calculated results of volumetric water content):

ei = θi − f(
−→
ψ i,

−→
β ) (3.4)

where: ei is the residual, θi represents the i − th response in the experimental data set and
ψi the corresponding variable in the i − th observation in the data set. If the plots of the
residuals are conform to the assumptions described below the model fitting succeeded:
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- A basic assumption to statistical methods for process modeling is that the described
process is a statistical process. Thus the model process should include random variation.

- The most methods of process modeling rely on the availability of observed responses
(here volumetric water content measurements) that are on average directly equal to the
regression function value. This means the random standard error at each combination
of explanatory variable values is zero.

- Due to the presence of random variation it is difficult to determine if the data are
from equal quality. The most process modeling procedures treat all data equally when
estimating the unknown parameters in the model. Therefore it is assumed that the
random errors have a constant standard deviation.

- Process modeling involves the assumption of random variation. But not all intervals of
the regression function include the true process parameters. To check these intervals
the form of the distribution and the probability of the random errors must be known.
It is assumed the random errors follow a normal distribution.

Several plots are used to appreciate wether or not the model fits the experimental data well:

- Plots of residual versus predicted variables and observed versus predicted variables:

The random variation is checked using scatterplot of residuals versus predicted variables
(volumetric water content θ) and observed versus predicted values are used for checking
the sufficiency of the functional form of the proposed model and the assumption of
constant standard deviation of random error. The plots allow the comparison of the
amount of random variation of the entire range of data. If the plot of residuals versus
predicted variables (volumetric water content θ) is randomly distributed the model fits
the experimental data well. The scatter of the residuals should be constant across the
whole range of the predictors. Any systematic structure in the plot is an indiction for
the need to improve the model. A comparison of the amount of random variation is also
possible when plotting observed values versus predicted values. This relation should be
non-random in structure and linearly related.

- Normal probability plot:

Normal probability plots are used to check wether or not the errors are distributed nor-
mally. The normal probability plot gives the sorted values of the residuals versus the
associated theoretical values from the standard normal distribution. Unlike the residual
scatter plots (i.e. residual versus predicted variables and observed versus predicted val-
ues) a random scatter of points does not indicate a normal distribution. Instead if the
plotted points lie close to the straight line the errors are normally distributed. Another
curvature indicates that the errors are not normally distributed. Significant deviations



74
CHAPTER 3. INTRODUCTION TO PROCESS MODELING - A STATISTICAL

APPROACH

of few points far from the line could be outliers. Compared to the histogram the normal
probability plot is conveniently used to discern deviations from normality.

- Histogram:

Similar to the normal probability plot the histogram is used to check the normal distri-
bution of the analyzed data set. Histograms summarize the distribution of a data set
and shows the location (i.e. center), the scale (i.e. spread), the skewness of the data
and the presence of outliers. Compared to the normal probability plot a histogram of
the residuals of the fit provides a detailed picture of the shape of the distribution. More
or less bell shaped histograms confirm conclusions of a normally distributed data set.

3.3 Summary

A method for model building for determination of soil-water characteristic curve using data
transformation was introduced in the present chapter, that is based on statistical analysis.
The data transformation is used to find linear relation, that gives the possibility to use
linear regression. In detail the steps for model building are given and described. The method
presented above will be used later for developing soil-water characteristic curve model for
Hostun sand, that includes prediction of drainage as well as imbibition process.



Chapter 4

Experimental Setups

4.1 General

The investigation of unsaturated soils demands for particular requirements of the testing
equipment. Depending on the type of soil, if it is a clay, silt or sand, equipment has to
be carefully chosen to be able to study the entire range of suction (where the soil-water
characteristic curve takes place), to measure either suction, matric suction or osmotic suction
(i.e. unsaturated soil behavior of clay is influenced by osmotic as well as matric suction and
unsaturated soil behavior of sand is influenced by the matric suction) or to be able to carry
out proper measurements with suitable accuracy (i.e. volume changes during vertical loading
of a clay are larger than the volume changes of a sand). Among others the investigation of
unsaturated soils requires the measurement of either the suction and/ or the water content.

During the present work several devices for testing unsaturated sand are developed and
modified. The aim of the newly developed equipments is to design testing devices and to
propose special experimental setups for investigation of hydraulic and mechanical behavior of
sand. For application of suction, that is for sand experiments varying between ψ = 0.1 and
50 kPa, hanging water column and axis-translation technique are used. Other cells (column
testing device I and II) are equipped with tensiometers and TDR sensors.

For determination of hydraulic functions of unsaturated Hostun sand different testing
devices are developed in the present investigation:

- Modified pressure plate apparatus

The main feature of the modified pressure plate apparatus is a ceramic disk, which
enables to use hanging water column technique and axis-translation technique for de-
termination of soil-water characteristic curve under equilibrium condition (multistep
flow method). Thus suction is controlled in the cell. Precise cumulative water outflow
and inflow measurements are carried out by means of the attached burette, that has
a high accuracy. The apparatus additionally allows to investigate the influence of net

75
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stress on the shape of the soil-water characteristic curve. Volume measurements are
performed by the attached dial gauge.

- Column testing device I

In the column testing device I large scale (boundary condition problem) sand specimen
are examined. Special feature of the cell are pairs of tensiometer and TDR sensors
in several depth, that directly measure suction and water content while withdrawing
and injecting water from the specimen. The measurements of volumetric water con-
tent and matric suction enable to apply steady state flow (multistep method) and also
transient state flow (continuous flow method) to the specimens. Therefore the relation
between suction and water content obtained under equilibrium and dynamic condition
can be compared. The unsaturated hydraulic conductivity can be either directly (e.g.
via instantaneous profile method) or indirectly determined (e.g. by use of statistical
models).

- Column testing device II

Further drainage transient state tests (boundary condition problem) are conducted in
column testing device II, where suction is applied to the specimen using axis-translation
technique. Pairs of tensiometer and TDR sensors in several depths directly measure soil-
water characteristic curve. Due to the ceramic disc on the bottom of the column the
cell allows to apply certain suction to the specimen (hanging water column technique,
axis translation technique). Also the cell has a piston for application of mechanical
stress at top of the specimen. Volume measurements are performed by the attached
dial gauge. The influence of the net stress on the hydro-mechancial behavior of Hostun
sand specimens using column testing device II is not discussed in this work.

Hydraulic functions are measured and/ or estimated under different flow conditions (steady
state and transient state flow condition) and loading path directions (initial drainage, main
drainage and main imbibition, scanning drainage and scanning imbibition processes) using
hanging water column as well as axis-translation technique and/ or tensiometer and TDR
sensor measurements and/ or measurements of cumulative water flow.

For determination of mechanical behavior of unsaturated Hostun sand suction-controlled
oedometer cell is used. The suction-controlled oedometer cell developed by Romero (1999) for
the purpose of testing clay samples is upgraded with a burette for applying and controlling
small suctions in the cell using hanging water column technique. The mechanical behavior of
unsaturated sand was investigated by performing one dimensional compression and rebound
tests at different constant suctions as well as collapse tests.
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4.2 Modified Pressure Plate Apparatus

The modified pressure plate apparatus (Fig. 4.1) enables the determination of the soil-water
characteristic curve for both drainage and imbibition cycles as well as scanning drainage and
scanning imbibition cycles and thus to asses the phenomena of hysteresis. Tests performed
in the modified pressure plate apparatus are element tests. Due to the small size of the
specimen, it is supposed to be homogeneous in void ratio and in the distribution of water
content respectively volumetric water content and saturation. The influence of net stress on
the behavior of the soil-water characteristic curve can be determined by applying mechanical
load via loading piston.

The experimental set up consists of a burette, a scale, an air-pressure system and the cell
itself. A detailed scheme of the cross section of the modified pressure plate apparatus is given
in Fig. 4.2. The apparatus has a specimen ring with a diameter of 70 mm and a height of 20
mm. A coarse porous stone is placed on the top of the soil specimen and a ceramic disk is
placed at the bottom of the specimen. The ceramic disk used below the soil specimen in this
study has an air-entry value of 100 kPa. There is the possibility to replace this ceramic disk
by a ceramic disk with an air-entry pressure of 500 kPa when investigating the behavior of
silty or clayey soils or a porous stone for performing conventional tests. Below the ceramic
disc a water reservoir is located. A burette with a capacity of 25 cc and a least count of
0.05 cc is connected to this water reservoir. Water inflow and outflow is measured in the
burette following several drainage and imbibition paths. Air pressure is applied to the top
of the specimen through a coarse porous stone. Net stress can be applied to the specimen
by placing the modified pressure plate apparatus in an oedometer loading frame. Volume
changes of the specimens are measured by an attached dial gauge. Contrary to conventionalAir-pressure system - ua

Water pressure supply - uw
Cell

Figure 4.1: Modified pressure plate apparatus
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Figure 4.2: Cross sectional area of the modified pressure plate apparatus (all dimensions in
mm)

oedometer cells the modified pressure plate apparatus permits to investigate one dimensional
compression and rebound behavior of soils under controlled suction.

Granular materials show a relatively small range of suctions over which the soil becomes
unsaturated. A low air-entry value is characteristic for this type of materials. To be able to
apply low suction the cell allows for the use of the hanging water column technique (Haines
1930). By lowering the attached burette with respect to the top of the ceramic disk and
using the scale with a resolution of 1 mm, suctions up to 4.0 kPa in steps of 0.1 kPa may
be applied to the specimen. The burette has a resolution of 0.05 cc enabling precise readings
of water inflow and outflow. Suctions up to 100 kPa may be applied to obtain test results
along the soil-water characteristic curve. The air pressure is applied to the top of the cell
using the axis-translation technique (Hilf 1956). Detailed literature review regarding hanging
water column and axis-translation technique for control of suction in a soil was presented
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by Vanapalli et al. (2008). There in detail the limitations of these techniques with respect to
air diffusion, water volume change and evaporation are discussed.

4.3 Sand Column I

The sand column device I (Fig. 4.3) enables to determine drainage and imbibition soil-water
characteristic curves of the tested material. Steady state flow tests and transient state flow
tests can be performed on the specimen.

A schematic sketch of the experimental setup of the sand column testing device I is
shown in Fig. 4.4. The setup consists of a Trase System including Multiplexer and 5 TDR
sensors (Time Domain Reflectometry), 5 Tensiometers connected to a datalogger, computers
for computing and saving experimental results, an electronic pump and a cylinder and the
column. In detail the column device is given in Fig. 4.5. Totally the column is 780 mm high
and 305 mm in diameter. The soil specimen has a height of maximal 630 mm. The bottom
part of the column consists of a water reservoir made of steel that is sufficiently rigid. It
consists of a 10 mm thick base plate, a cast iron pipe 100 mm high and 323 mm in diameter
and a muff. The base plate, the pipe and the muff are welded. A connection in the pipe
enables to inject or withdraw water to the reservoir. The top part consists of a PVC tube
that has also a muff on the bottom. The water reservoir and the PVC tube are departed
by a perforated plexiglas plate with 10 mm thickness. The plexiglas plate has 82 boreholes
3 mm in diameter that are uniformly distributed over the entire plate. This enables a uniform
inflow and outflow of water from and into the specimen. The water reservoir, the plexiglas
plate and the PVC tube are connected by 6 bolts to the muff. Between the PVC tube andColumnMultiplexer Trase

Pump TDR and tensiometer sensors Water reservior
Figure 4.3: Column testing device I
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PumpCylinder

DataloggerTensiometersTime Domain Reflectometry Sensors
PC 1 PC 2

T1T4T5T3T2
TDR1TDR4TDR5TDR3TDR2Multiplexer Trase Water reserviorSoil specimen

Dial gauge

Figure 4.4: Set up of column testing device I

the plexiglas plate as well as between the plexiglas plate and the water reservoir sealing rings
are placed to ensure leakproof connection. A highly permeable geotextile is placed between
the soil specimen and the perforated plexiglas plate to avoid flushing soil grains to the water
reservoir. Several openings (6 openings on one side and 5 openings on the opposite side) along
the column enable to connect sensors to the column.

Five miniature tensiometers (UMS Umweltanalytische Mess-Systeme GmbH) and 5 minia-
ture Time Domain Reflectometry probes (Soil Moisture Equipment Corp.) are placed in a row
along the height of the column in a distance of about 100 mm between measurement points.
The tensiometers are pressure transducer tensiometers which are horizontally installed into
the soil specimen. The TDRs are three rode sensors, which are also horizontally installed into
the soil specimen. One couple of TDR sensor and tensiometer sensor is installed at the same
height. This procedure allows directly to link suction to the volumetric water content in the
soil in different layers during drainage and imbibition of the specimen.

An electronic pump is connected to the reservoir at the bottom of the column to facilitate
the injection and withdrawing of water at a constant rate. In this study a membrane pump
of type KNF FM 15KT18 (LAT Labor- und Analysentechnik GmbH) was used. By changing
the stroke of the membrane, the flow rate can be changed from 10 to 150 ml/min. The motor
of the pump has a constant speed of 75 revolutions per minute. Thus the pump is able to
withstand 6 bar back-pressure and the flow rate is not depending on a hydraulic head up to
6 bar back-pressure. Because in the transient state test a constant flow rate is applied to
the soil specimen, it was carefully checked that the flow rate is constant (see Fig. 4.6). The
diagram shows that there is no influence of the hydraulic head on the flow rate. The flow
rate is constant. Atmospheric pressure was acting at the top of the column. Volume changes
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during the experiment were measured using a dial gauge fixed to the top of the specimen. To
ensure no expansions of the column due to stress the strain at loading condition cell filled with
Hostun sand and water up to top edge was calculated. A strain of ε = 0.0002 was derived
that is negligible small and not influencing the testing procedure and experimental results.

4.4 Sand Column II

The sand column testing device II (see Fig. 4.7) is additionally used to determine the soil-
water characteristic curve of Hostun sand specimen. Due to the ceramic disk on the bottom
of the cell in contrast to the sand column testing device I, the sand column testing device II
allows to induce a predefined suction to the specimen using axis-translation technique. By
applying air pressure on top of the cell to the specimen, a suction is induced and thus the
influence of transient state condition on the shape of the soil-water characteristic curve is
investigated. During the tests the attached dial gauge at the top of the cell was measuring
the volume changes in the specimen. Even there is the possibility to perform drainage as well
imbibition cycles in the testing device II, in this study the cell was used only for performing
drainage procedure.

As shown in Fig. 4.8 the experimental set up consists of a Trase System including Mul-
tiplexer and 3 TDR sensors (Time Domain Reflectometry), 3 tensiometers connected to a
datalogger, 2 computers for computing and saving experimental results and the cell. The
schematic cross sectional area of the column testing device is given in Fig. 4.9. It contains a
bottom part with a 100 kPa ceramic disk and a water reservoir below the disk, a plexiglas
tube 282 mm in height and 240 mm in diameter and a top part with a loading piston. The
loading piston consists of a plate made of plastic. To the loading piston a dial gauge is at-Multiplexer and Trase

ColumnTDR and tensiometer sensors
DataloggerAir-pressure system - ua

Water outlet
Figure 4.7: Column testing device II
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Figure 4.8: Set up of the column testing device II
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Perforated plastic disc383
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Figure 4.9: Cross sectional area of the column testing device II

tached for measuring volume changes of the specimen during testing procedure. For further
investigations the piston on top of the cell will enable to apply vertical stress to the speci-
men. An air-pressure system is connected at the top of the cell to the air compartment for
inducing matric suction to the soil specimen. The top part and the bottom part are screwed
by 3 bolts. One o-ring between the top plate and the plexiglas tube as well as one o-ring
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between the bottom plate and the plexiglas tube prevent from leakage. A tube with a valve is
connected to the water reservoir below the ceramic disk. By using a cylinder attached to this
tube the water outflow is measured. At all 6 openings (3 openings for tensiometer sensors, 3
openings for TDR sensors) enable to equip the specimen with tensiometer sensors as well as
TDR sensors. In 3 depths along the column 2 openings are installed opposite to each other.
The openings are installed equally spaced (see Fig. 4.9). In three layers with a distance of
60 mm pairs of tensiometer and TDR sensors are placed to measure simultaneously pore-
water pressure and volumetric water content in the specimen during the experiment. The
same tensiometer sensors and TDR sensors used for column testing device I were used for
column testing device II.

4.5 UPC Controlled-Suction Oedometer Cell

One dimensional compression and rebound tests and collapse tests were performed by using
the controlled-suction oedometer cell (Fig. 4.10). Similar to the modified pressure plate
apparatus the cell allows to apply suction to the specimen and to keep the suction constant
during the testing procedure.

The controlled-suction oedometer cell is also equipped with a burette and a scale with the
same accuracy as the equipment for the modified pressure plate apparatus, one air-pressure
system for application of matric suction as well as one air-pressure system for application of
vertical net stress. The application of matric suction to the specimen is equal to the procedure
used in the modified pressure plate apparatus (i.e. hanging water column technique, axis

Controlled-suction oedometer cell

 Air pressure system - σ* Air pressure system - ua Supply - σ*

 Supply - ua  Supply - uw

 Burette - uw Scale  Dial gage

Figure 4.10: Controlled-suction oedometer cell
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Figure 4.11: Cross sectional area of the controlled suction oedometer cell UPC

translation technique). The cell is equipped (see Fig 4.11) with a specimen ring 50 mm in
diameter and 20 mm high. Like the specimen in the modified pressure plate apparatus the
specimen here is assumed to be homogeneous in void ratio and in the distribution of water
content (volumetric water content, saturation).

The controlled-suction oedometer cell consists of 5 parts (top part, middle part, bottom
part, membrane including porous stone and ceramic disk) and is made of steel to prevent any
deformations of the cell itself. The bottom part is a steel plate including the ceramic disk.
The ceramic disk used in this investigation has an air-entry value of 100 kPa and may be
replaced by another one, e.g. by a ceramic disk with 500 kPa air-entry value for testing silty
and clayey soil or a porous stone for performing conventional tests (i.e. tests on saturated
soil specimen). Directly to the specimen ring the bottom disk is placed. The steel plate
also provides a water reservoir below the disk, that is connected to a burette. By using the
burette with a capacity of 25 cc (resolution of 0.05 cc) as well as the scale (resolution of 1
mm) suctions up to ψ = 4.0 kPa in steps of ∆ψ = 0.1 kPa can be applied to the specimen.
The water inflow and the water outflow is measured in the burette during testing procedure.
By adjusting the burette a constant suction is maintained in the specimen when performing
the experiments. The middle part acts as a strengthening of the specimen ring and offers a
connection to an air pressure system, that acts on top of the specimen below the porous stone.
The air pressure system is used to apply suctions up to ψ = 50 kPa to the sand specimen.
The top part and the middle part are separated by a membrane, that includes the porous
stone. Whereas the modified pressure plate is set into a oedometer frame for application of
vertical net stress in the controlled-suction oedometer an air pressure system applies stress
to the membrane from the top and thus vertical stress to the specimen. The bottom part,



86 CHAPTER 4. EXPERIMENTAL SETUPS

the middle part and the top part are screwed by 8 bolts. A frame attached with a dial gauge
enables the measurement of volume changes during the loading paths.

4.6 Equipment used

Equipment used in this study are tensiometer sensors, TDR sensors and a pump. The equip-
ment is introduced in detail and accuracy of the sensors is given.

4.6.1 Tensiometer Sensors

The type of tensiometer used in the present study is shown in Fig. 4.12 and the corresponding
calibration functions are given in Fig. 4.13. The tensiometer is a Miniature Pressure Trans-
ducer Tensiometer (UMS-UmweltUmweltanalytische Mess-Systeme). Typical applications for
this type of tensiometer are:

- Determination of soil-water characteristic curve of a soil

- Determination of movement of water in the soil

- Punctual measurement of pore-water pressure in the soil

- Measurement of pore-water pressure of the soil in the laboratory

- Measurement of pore-water pressure of the soil in the field

As shown in Fig. 4.12 the tensiometer consists of a body and a tensiometer cup including a
ceramic cup and a water filled shaft. The tensiomter has an overall length of 81 mm and the
body is 20 mm wide. The body consists of the pressure transducer, the acrylic plastic body
and the lead.

Based on the piezoresistive effect of the silicon semiconductor the sensor measures the
change of the specific electric resistance due to deformations. These deformations are caused
on the sensitive silicon chip by changes in pore-water pressure. By using a Wheatstone Bridge
the change of the specific electrical resistance is processed to a signal, which corresponds to

31 mm 50 mm 5 mmTensiometer
Cable Shaft Ceramic cupBody

Figure 4.12: Tensiometer sensor



4.6. EQUIPMENT USED 87

a certain pore-water pressure value. The ceramic cup has an active surface of 0.5 cm2 and is
5 mm in diameter. Thus the soil disturbance of the tested soil is small. The response time of
the sensor is fast. The shaft is transparent and thus air bubbles are easily detectable. Due to
its small dimension the sensor is suitable for experiments performed in the laboratory. The
electronic pressure transducer in the tensiometer has a high resolution measuring device. This
is advantageous when measuring continuously changes in pore-water pressure in the soil.

The tensiometers have a measuring range from 100 kPa positive pore-water pressure (hy-
drostatic pressure) to 85 kPa negative pore-water pressure (matric suction, capillary pressure)
and an accuracy of ±0.5 kPa. In this study a data-logger system is used for assessing the volt-
age measurements. The data-logger system is specially used for readout of these tensiometer
results.

For calibration of tensiometer sensors predefined negative pore-water pressures (−1 kPa,
−2 kPa, −5 kPa, −10 kPa), viz matric suctions (capillary pressures), were applied to each sen-
sor by using hanging water column. Results are given in Fig. 4.13, where the measurements of
the tensiometers are related to the applied pore-water pressures. For each tensiometer indirect
linear relationship as calibration function was determined. Before performing the experiments
it is necessary to check the zero offset of each tensiometer. Therefore the tensiometers are
placed into a water filled cylinder until the ceramic cup is 3 mm below the water level. The
data-logger system should readout a constant value between ±0.5 kPa. Otherwise this has to
be corrected.

To asses wether or not the sensor measurements are reasonable and not delayed in response
of time, tensiometer sensor and TDR sensor measurements were performed in an extra ex-
periment. Detailed description and the results of this test are given in later subsection.

4.6.2 Time Domain Reflectometry Sensors

Fig. 4.14 shows a photo of the TDR sensor used in this investigation. It is a Mini Buriable
Waveguide (Soilmoisture Equipment Corp.) that is used in the following applications:

- Determination of soil-water characteristic curve of a soil

- Determination of movement of water in the soil

- Punctual measurement of water content in the soil

- Measurement of water content of the soil in the laboratory

- Measurement of water content of the soil in the field

The TDR sensor consists of 3 parallel rods and a cable. It is designed to be installed perma-
nently in the soil and allows the measurement of the dielectric constant of the tested soil. The
rods of the mini TDR sensor are 80 mm long with a 25 mm spacing between the outer rods.
The wire spacing is 12.5 mm. For computing, analyzing and saving the test results the TDR
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sensors are connected to a Multiplexer and then to a Trase System. The Multiplexer allows
measurements to be made automatically of several TDR sensors. A switching board with 16
channels for connecting up to 16 TDR sensors was used. Measurements, computations and
analysis of the data is done by the Trase system. A computer connected to the Trase system
is used to display the results.

The TDR probe measures the dielectric constant, which is related to the volumetric water
content. Therefore the speed, an electromagnetic pulse of energy needs to travel down a par-
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Figure 4.13: Calibration of the tensiometers
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allel transmission line, is measured. The speed depends on the dielectric constant surrounding
the transmission line. The higher the dielectric constant, the slower the speed. Because of
the significant difference between the dielectric constant of air (ka = 1), water (ka = 2...4)
and solids (ka = 81) the traveling speed of an electromagnetic pules of energy along parallel
transmission line in a soil is dependent on the volumetric water content in the soil. Thus
the time required for a electromagnetic pulse to travel down a known length (in this case 80
mm) of transmission line is measured and then used for calculation of the dielectric constant.
Fig. 4.15 shows a typical measurement of a TDR sensor. The dielectric constant is correspond-
ing to a certain volumetric water content in the soil. Using TDRs, volumetric water content
in a range of 0 to 100% is measured. The TDRs have an accuracy of ±2% full scale.

The dielectric constant-volumetric water content relationship has been established by care-
ful measurements of ka in a test cell with known volume. Before it was checked that all TDR
sensors measure the accordant dielectric constant for air as well as water. The results are
presented in Fig. 4.16 where the top diagram shows the results of the measurements in the

TDR 80 mm
Cable 3 Rods

Figure 4.14: Time Domain Reflectometry Sensor (TDR)
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Figure 4.15: Typical output of TDR sensor
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Figure 4.16: Measurement of the dielectric constant of water (top) and air (bottom)

deaired water and the bottom diagram the measurements in the air. As expected the dielec-
tric constant for the deaired water was ka = 1 and for air ka = 80. The measurements also
differ not so much.

Cabral et al. (1999) examined the influence zone around TDR probes and found an influ-
ence zone for the Mini Buribale Waveguides (TDR probes used for this investigation) that is
90 mm in length, 15 mm in height and 35 mm in depth. Sizing of a calibration cell, that can
be used for the determination of the relationship between dielectric constant and volumetric
water content θ(ka) was studied by Suwansawat & Benson (1999). The authors found that
a distance of 36 mm between the cell and the probe as well as a distance of 30 mm between
the probes is required for determination of the calibration function. The calibration cylinder
used in this study is considering the influence zone given by Cabral et al. (1999) and the
distances given by Suwansawat & Benson (1999). For calibration of the TDR probes Hostun
sand samples with predefined volumetric water content and void ratio, were prepared in a
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Figure 4.17: Container for TDR sensor calibration

plastic container of 200 mm height and 300 mm diameter (see Fig. 4.17). 3 TDR probes with
a distance of 50 mm were horizontally placed in a cylindrical plastic container and measured
the dielectric constant of the wet sand specimen. After receiving constant values in electrical
conductivity the measurement was stopped and the water content was calculated by oven
drying the sand specimen. Knowing the water content the dry density and thus the volumet-
ric water content the dielectric constant was related to the volumetric water content. The
calibration results of the TDR sensors are given in Fig. 4.18, where the output signal (dielec-
tric constant) corresponds to the predefined volumetric water content. Calibration functions
for the experimental results derived for loose, dense as well as loose and dense specimens
are given in Eq. 4.1 to 4.3. Calibration curves (Eq. 4.1 to 4.3) were determined for loose
specimen and dense specimen separately as well as loose and dense specimen combined. But
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since the electrical conductivity of sand is negligible small, the density of the specimen is not
influencing this relationship and Eq. 4.3 is used for analysis of the experimental results. Ac-
cording to Topp et al. (1980) a polynomial function of third order was suggested for relating
the dielectric constant to the volumetric water content:

θ(ka)loose = −18.888 + 7.481 · ka − 0.448 · k2
a + 0.013 · k3

a (4.1)

θ(ka)dense = −7.989 + 3.232 · ka − 0.052 · k2
a + 0.0001 · k3

a (4.2)

θ(ka)loose/dense = −12.085 + 4.638 · ka − 0.161 · k2
a + 0.003 · k3

a (4.3)

To asses wether the sensor measurements are reasonable and not delayed in response of
time, a saturated sand specimen was prepared in the column testing device. During removing
stepwise 1000 ml from the saturated specimen measurements of the TDR sensors as well as
tensiometer sensors were performed. Experimental results are given in Fig. 4.19. On the left
hand side TDR sensor measurements and on the right hand side corresponding tensiometer
sensor measurements are shown.

The specimen is 550 mm in height and has an initial void ratio of e0 = 0.68 . Layer 1
(TDR 1, Tensiometer 1) is located in a depth of 70 mm, Layer 2 (TDR 2, tensiometer 2) in a
depth of 160 mm and Layer 3 (TDR 3, tensiometer 3) in a depth of 260 mm. Layer 1 is the
top layer and layer 3 is the bottom layer. Initially the specimen is a water saturated specimen
and thus each TDR sensor measurement refers to a volumetric water content θs = 41%.
The tensiometer sensor measurements refer to positive pore-water pressure. The pore-water
pressure in the bottom layer is greater than in the top layer. Tensiometer sensor measurements
were taken every minute and TDR sensor measurements were taken every third minute due to
limitations in equipment. After a time period of 6 minutes 1000 ml of water were withdrawn
from the specimen. Tensiometer measurements are decreasing immediately from positive
pore-water pressure to negative pore-water pressure (matric suction) when removing the first
1000 ml of water. Even though the water level is falling from 550 mm to 260 mm and is
passing all three layers no changes in TDR measurements occur. Water still remains in the
pores because the air-entry value is not reached till now. TDR measurements in layer 1
are decreasing to θ = 26% after removing the 2nd 1000 ml of water from the soil. Here
the pores start to drain, whereas the volumetric water content in layers 2 and 3 remain
constant. From the tensiometer measurements an air-entry value of approximately ψaev = 2.0
kPa can be derived. Volumetric water content is further decreasing when removing the next
1000 ml. Tensiometer measurements are decreasing continuously with decreasing water table.
Removing the fourth 1000 ml of water, also sensor T2 is reaching the air-entry value and thus
the volumetric water content in sensor TDR2 is decreasing. The measurements in T1 as well
as in TDR1 are only slightly changing, because small pores retain the water in the soil.
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Figure 4.19: Verification of response time and suitability of TDR sensor and tensiometer
measurements in column testing device - experimental results
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The measurements in Fig. 4.19 prove that both sensors, the TDR sensors and tensiometer
sensors, are suitable for investigation of unsaturated sand in a column device. The sensors
react immediately and the measurements are reasonable. As soon as water is removed from
the specimen the tensiometers are responding to changes in water pressure. The difference
in change of water-pressure is decreasing when reaching negative pore-water pressure (matric
suction), due to the fact that the pores are retaining water. As soon as the air-entry value is
reached, the water starts to enter the largest pores in the soil and thus the volumetric water
content is decreasing.

4.7 Summary

Testing unsaturated sand is a challenge for testing cells and equipment. When testing sand
it has to be taken into account that the suction-water content takes place in a narrow range
of suction, where suction as well as water content have to be precisely measured and con-
trolled. Hanging water column technique and axis-translation technique fulfill these require-
ment. Moreover in the present study burettes with high resolution as well as TDR and
tensiometer sensors with high accuracy are used to perform measurements. For observation
of volume changes in the specimen during loading and unloading path the controlled-suction
oedomater cell is equipped with a dial gauge with a high accuracy. The testing devices and
equipments introduced in this chapter are appropriate to perform experiments on sand that
investigate hydraulic (modified pressure plate apparatus, sand column testing device I and
II) as well as mechanical behavior (controlled-suction oedometer cell) of unsaturated sand.



Chapter 5

Material used and Experimental
Program

5.1 General

In this chapter the investigated material is introduced and classified. For the present in-
vestigations Hostun sand (Flavigny et al. 1990, Mokni & Desrue 1999, Desrues & Viggiani
2004) was chosen, that is a well known reference sand in the literature. The main classifica-
tion properties are presented. To ensure the investigation on reproducible, homogenous sand
specimens a study on preparation of Hostun sand specimen is carried out, that includes com-
puter tomography (CT) on saturated (S=0) and unsaturated sand specimens and an electron
microscopy study.

It follows a detailed description of the experimental program including initial conditions,
loading history, the specimen preparation and also the testing procedure in the different test-
ing devices. In the tests the hydro-mechancial behavior of unsaturated Hostun sand was
investigated. Therefore flow experiments in different columns are performed (modified pres-
sure plate apparatus, sand column testing device I and II). The influence of initial condition
(i.e. void ratio), the hydraulic loading path (i.e. drainage or imbibition paths) and the
test boundary condition (i.e. steady state and transient state tests) were considered in the
derivation of the soil-water characteristic curve and the unsaturated hydraulic conductivity
function. Special attention was paid to the significance of hysteresis with regard to both the
hydraulic relations. Additionally the effect of suction rate on the flow process was quantified
in the sand column device I and II under different boundary conditions.

The volumetric mechanical behavior of unsaturated sand is investigated. Therefore the
stiffness behavior as well as the collapse potential is determined by conducting one-dimensional
compression and rebound tests in a controlled suction oedometer cell. The influence of initial
conditions (i.e. void ratio, suction), the mechanical loading path (i.e. loading or unloading
paths) and the hydraulic loading path (i.e. saturation procedure) were considered in the
derivation of the stiffness behavior.

95
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5.2 Hostun Sand

The experimental program for this study was conducted on Hostun Sand, a reference sand
well studied in the research literature (Biarez et al. 1989, Flavigny et al. 1990, Hammad 1991,
Schanz & Vermeer 1996, Schanz 1998, Gennaro et al. 2004). Hostun Sand is a quartz sand
with grain sizes ranging from 0.1 mm to 1.0 mm in diameter. According to the USCS classi-
fication the material is a poorly-graded medium sand SP (Fig. 5.1). The main classification
properties as the density of the soil particles %s, the coefficient of uniformity Cu, the coeffi-
cient of curvature Cc, the values of maximum and minimum void ratio emax/min, as well as the
corresponding values of maximum and minimum specific weight γmax/min are summarized in
Table 5.1. The saturated hydraulic conductivity of the sand is required when computing the
unsaturated hydraulic conductivity from the soil-water characteristic curve using the indirect
method. The saturated hydraulic conductivity of the sand for several initial void ratios was
measured using constant head permeability test (Lins et al. 2002, Lins & Schanz 2005). The
results are given in Table 5.1. Experimental results of the saturated hydraulic conductiv-
ity are presented in Fig. 5.2. In further calculations and predictions for loose Hostun sand
specimen (e = 0.89) saturated hydraulic conductivity of ks = 2.75 · 10−4 m/s and for dense
Hostun sand specimen (e = 0.66) ks = 2.03 · 10−4 m/s were used. Shear strength parameters
obtained by Hammad (1991) and Schanz & Vermeer (1996) under plain strain and triaxial
condition on saturated sample tests are given in Table 5.2. These parameters are necessary
for prediction of unsaturated shear strength using indirect method and also for prediction of
unsaturated bearing capacity.
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Figure 5.1: Grain-size distribution of Hostun Sand
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Table 5.1: Properties of Hostun sand

Parameter Biarez Schanz and Desrues De Gennaro BUW
et al. (1989) Vermeer (1996) et al. (1996) et al. (2004)

ρs(g/cm3) - 2.65 2.65 2.65 2.65
D50 0.3 - 0.32 0.34 0.36
D30 - - - - 0.29
D10 - - - - 0.21
Cu - - 1.70 - 1.72
Cc - - - - 1.05

emax 1.000 1.041 1.000 1.000 1.000
emin 0.630 0.648 0.660 0.656 0.650

γmax(kN/m3) 16.30 16.08 15.99 16.00 16.06
γmin(kN/m3) 13.20 12.98 13.24 13.25 13.25

ks,loose(10−4m/s) - - - - 2.75
ks,dense(10−4m/s) - - - - 2.03
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Figure 5.2: Saturated hydraulic conductivity of Hostun Sand

5.3 Specimen Preparation and Testing Procedure

For fundamental studies of the behavior of soils and their characterization it is required to
test homogeneous and reproducible specimen. The specimen preparation has to be a reliable
and robust procedure to test several specimen under same initial conditions. The majority
of experiments performed on granular materials as for instance sand are carried out on re-
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Table 5.2: Angles of friction of Hostun sand derived from biaxial test (Hammad 1991) and
triaxial test (Schanz 1996)

Biaxial test, σ3 φps
p , e = 0.71 φps

p , e = 0.91

100 46.7− 47.5 35.5
200 46.4− 47.0 32.5− 34.5
400 45.1− 45.3 33.0− 33.3

Triaxial test, σ3 φps
p , e = 0.64 φps

p , e = 0.91

300 41.9 34.4

constituted specimens. The investigation of undisturbed specimens under natural condition
is difficult, because granular materials are cohesionless. Consequently a variety of procedures
have been developed and assessed for reconstitution of granular specimens (Ladd 1974, Mulilis
et al. 1975, 1977, Ladd 1978, Miura & Toki 1982, Gilbert & Marcuson 1988, Vaid & Negussy
1988, Frost & Park 2003). For instance the moist tamping technique, undercompaction tech-
nique, water-pluviation technique or air-pluviation technique are available to produce dense
or loose sand specimen:

- Moist tamping technique

The moist tamping technique includes the preparation of a wet specimen using a number
of layers of equal dry weight and volume. Each layer is compacted to the same target
density. As a result the lower portion of the sand specimen becomes higher density
(Mulilis et al. 1977, Gilbert & Marcuson 1988).

- Under compaction technique

An improvement of the moist tamping procedure was suggested by Ladd (1978) and is
known as undercompaction technique. The undercompaction method takes into account
that the compaction of each succeeding layer further densify the layers below. In this
case each layer is compacted to a lower density than the predetermined final value.

- Air pluviation technique

Pluvial deposition is a widely used technique to reconstitute cohesionless soil specimens
for laboratory testing. The air pluviation technique allows the preparation of specimens
over a broad range of densities to a high level of global repeatability, when carefully
controlling the height of the sand particles (Miura & Toki 1982, Gilbert & Marcuson
1988). Implementation of the air pluviation technique is described in Jang (1997).
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- Water pluviation technique

Water pluviation technique, where the soil is pluviated into water, is commonly used
to provide an initially saturated specimen. Similarly to the air pluviation technique
specimens prepared by water pluviation tend to be uniform (Vaid & Negussy 1988).

Frost & Park (2003) performed image analysis on moist tamped sand specimen and air-
pluviated as well as water-pluviated sand specimen. The sand specimens were preserved
using epoxy resin (Jang et al. 1999) and vertically cut for R-ray analysis. Their results show
significant discontinuities in density in the moist tamped specimen. Discontinuities in density
were especially observed between the contact area of the layers. The X-ray images of the
air-pluviated and also the water-pluviated sand specimens show uniform density along the
specimens. Variations in density were only found on the bottom and on the top of the speci-
men. Thus specimens prepared by pluviating the sand into water or air tend to be uniform,
whereas specimens prepared using compaction methods are less uniform. Finn et al. (1971),
Vaid & Negussy (1988) used water-pluviation method for reconstituting initially saturated
sand specimen. Schanz & Vermeer (1996), Desrues et al. (1996), Gennaro et al. (2004) used
pluviation technique for preparation of sand samples to ensure homogeneity and reproducibil-
ity.

Because the air-pluviated and water-pluviated specimens show homogeneous distribution
of density the pluviation method was selected for preparation technique. To provide a fully sat-
urated specimen, sand was directly pluviated into the equipment, that was filled with deaired
water. The sand used in this study is an poorly graded medium sand with insignificant amount
of finer particles, where segregation is not influencing homogeneity. Thus water pluviation
technique is used to produce homogeneous initially saturated sand specimen. Preferably in
this investigation the water-pluviation method was used because nearly all experiments were
conducted on initially saturated sand specimen (column testing device I, column testing device
II). Due to limitations of equipment, specimens in the modified pressure plate apparatus and
in the controlled-suction oedometer cell were prepared using the air-pluviated method, which
includes the pluviation of dry sand into the equipment. The specimens were saturated in an
additional step. Special care was taken to produce homogeneous and reproducible specimen.
For instance during large scale experiments in the sand column device I (SC I) in each layer
the mass of dry sand filled into the cell and thus the void ratio was checked. The mass of dry
sand filled into the bearing capacity box (BCB) was controlled every fifth centimeter. Some
results of dry density and void ratio for each layer are given for these tests in Tab. 5.3.

To analyze the homogeneity (distribution of density, distribution of water) in the pluviated
sand specimen computer tomography (CT) was used additionally (Dewitz 1996). Computer
tomography is an adequate non-destructive method for the investigation of the internal struc-
ture of samples. This method has been successfully used not only in medical science but
also in soil science, rock mechanics or hydrology (Duliu 1999). Based on the attenuation of
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Table 5.3: Results of dry density and void ratio with depth from specimen preparation in the
sand column device I and the bearing capacity box

Cell Height layer (cm) ρd (g/cm3) e (-) Height layer (cm) ρd (g/cm3) e (-)

Loose specimen Dense specimen

SCI 7.5 1.403 0.889 8.3 1.596 0.660
17.5 1.405 0.886 17.5 1.594 0.663
26.8 1.404 0.888 27.9 1.596 0.660
37.0 1.406 0.885 37.7 1.600 0.656
46.0 1.402 0.890 46.6 1.605 0.651
54.0 1.401 0.891 52.7 1.596 0.660

BCB - - - 5.20 1.503 0.760
- - - 10.25 1.548 0.712
- - - 15.35 1.533 0.709
- - - 20.40 1.548 0.712
- - - 25.40 1.563 0.695
- - - 30.40 1.563 0.695
- - - 35.57 1.550 0.710

gamma-ray, the distribution of the attenuation coefficient of the sample over an entire section
is measured. The main common components of CT scanners are a gamma-ray source and a
series of detectors, which measure the attenuation of the gamma-ray signal. The gamma-ray
signal is attenuated by the investigated object that is placed between the source and the
detectors. As illustrated in Fig. 5.3 the source and the detectors are moving around the sta-
tionary object, which is in this study the sand specimen. The result of a complete gamma-ray
CT scan is a two-dimensional matrix of attenuation values that are graphically displayed and

Specimen with predetermined suction Dry specimen
Figure 5.3: Experimental set up for the Computer Tomography (CT)
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analyzed. The tests were performed using a mobile computer tomograph from the Institute of
Material Testing, Eberswalde (Fig. 5.3). The distribution of density and water was analyzed
for several sand specimens, which were prepared in the modified pressure plate apparatus.
The distribution of density was investigated on a dry sand specimen (S=0). For investigation
of distribution of density and water, specimen with a suction value ψ = 1.5 kPa (located in
the transition zone of the soil-water characteristic curve) and specimen with a suction value
ψ = 20.0 kPa (located in the residual zone of the soil-water characteristic curve) were prepared
(following the preparation procedure in chapter 7.4.3) and scanned by computer tomography.

Figure 5.4 shows the results of computer tomography on the sand specimens. The dry
specimen shows a uniformly distributed density and also the specimen with a suction ψ =
20.0 kPa shows a homogeneous cross section. Some inhomogeneities can be observed in the
specimen with a suction ψ = 1.5 kPa, where the small pores are still retaining water while
the large pores are already drained due to applied suction. The relation between the density
of the investigated material and the measured attenuation coefficient is linear (Dewitz 1996).
An attenuation of 84 refers to a density ρ = 1.0 g/cm3 that is water. The densities of the
Hostun sand specimens (please see also Fig. 5.4 for clarification) are ρ = 1.59 g/cm3 (S = 0.0),
ρ = 1.78 g/cm3 (ψ = 1.5 kPa) and ρ = 1.61 g/cm3 (ψ = 20.0 kPa). As expected the largest
density was found for the unsaturated specimen with induced suction ψ = 1.5 kPa, where
most pores are still filled with water. All specimen were scanned in a fixed oedometer ring
made of plastic (see also Fig. 5.3).

A study was also performed on Hostun sand specimen (20 mm in height, 70 mm in
diameter) prepared with epoxy resin. The hardened specimen were horizontally cut at a
height of 10 mm. In several steps the surface of the specimens was carefully polished using
grinding machine:

Saturation S = 0.0 Matric suction ψ  = 1.5 kPa Matric suction ψ  = 20.0 kPa

ρ= 1.0 g/cm³

Figure 5.4: Results from Computer Tomography (CT) study of a dry sand specimen S = 0
(left) and sand specimens with a suction of 1.5 kPa (middle) and 20.0 kPa (right)
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- Polishing at 20 µm for 15 min with adding water.

- Polishing at 15 µm for 15 min with adding oil.

- Polishing at 3 µm for 10 min with adding diamond paste .

- Cleaning of specimen in ultrasonic bath.

The distribution of void ratio of the horizontal area was observed using electron microscopy
(see Fig. 5.5). A digital camera attached to the microscopy took photos of the specimen, that
are further analyzed using image processing and analysis program. Binary filtered images
were used for determination of the void ratio (Fig. 5.5 right). The void ratio was determined
for 11%, 33%, 44% and 66% (see Fig. 5.6) of the total area (A = 2651 mm2) as well as for
the total area. The determined void ratios of the areas varied from e = 0.71 to e = 0.76, that
leads to the results the void ratio is uniformly distributed over the investigated range.

Specimen preparation and testing procedure - modified pressure plate apparatus

Before each test the ceramic disk was saturated in a first step. To ensure full saturation of
the ceramic disk, deaired, deionized water was passed through the ceramic disk using an air
pressure of 70 kPa in the upper air compartment. The system was closed and opened in a
step-wise manner using the valves. The water outflow was collected in the attached burette
and the ceramic disk was assumed to be fully saturated when no air bubbles were collected in
the burette. All experiments conducted in the modified pressure plate apparatus were long
time tests (approximately 2 month for determination of one drainage or imbibition curve).

Figure 5.5: Electron microscopy (left), Hostun sand specimen hardened with epoxy resin
(middle) and picture of Hostun sand specimen after image analysis (right)

Figure 5.6: Investigated areas for determination of void ratio



5.3. SPECIMEN PREPARATION AND TESTING PROCEDURE 103

To prevent air bubbles from accumulating in the water reservoir below the ceramic disk, the
system was periodically flushed with deaired water.

The testing procedure consisted of preparing an oven dry specimen with a predetermined
void ratio, as a fixed ring specimen. The specimens are 20 mm high, 70 mm in diameter and
where produced using a funnel with a capacity of 100 ml. When preparing loose specimens
the falling height was 0 mm and when preparing dense specimens the falling height was 100
mm (see Fig. 5.7). To achieve a plane surface the top of the sand specimens were planed
by using a metal sheet. The specimen was saturated by supplying water from the burette
through the bottom ceramic disk. Saturation process of the sand specimen means, that the
required amount of water was injected through the water reservoir and the ceramic disk by
using the attached burette. The saturation process was finished when the water level in the
burette reaches the top of the specimen and is left there for 10 hours equilibrium time.

The specimens were subjected to a predetermined matric suction using either a suction
mode test or a pressure mode test (i.e. axis-translation technique). All tests were started
at fluid saturated conditions. The experiments performed in the modified pressure plate
apparatus were steady state type tests. After the specimen had reached equilibrium (i.e. no
water inflow or outflow), it was subjected to the next suction increment. Suctions up to 4 kPa
were induced by suction mode test. This means that a hanging water column was subjected
to the sand specimen by using the attached burette and the attached scale. The bottom of
the specimen was used as a reference value, where the suction is equal to zero (h0 = 0 cm,
ψ = 0 kPa). Following steps for application of suction using hanging water column technique
were carried out:

Burette

Ceramic disk
Water reservior

Water pressure supply uw
Valve

Burette

Ceramic disk
Water reservior

Water pressure supply uw
ValveValve

Sand

Funnel

Sand specimen

Valve

Sand specimen

Sand

Funnel

10
 cm

Figure 5.7: Preparation of loose (left) and dense (right) sand specimen in modified pressure
plate apparatus
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1. Placing the water table in the burette to the height of the bottom of the sand specimen
(h0 = 0 cm).

2. Open all valves (i.e. ua = atmospheric pressure).

3. Lowering the water table down (e.g. h1 = −30 cm that is equal to ψ = 3 kPa) by using
the burette with reference to the bottom of the specimen (h0) and using the attached
fixed scale.

4. Due to applied suction water is flowing out of the specimen. Hence the water table has
to be adjusted continuously by lowering the water table back to h1.

5. Repetition of the procedure 4. until equilibrium state is reached (no water flow observed).

The pressure mode test realized the application of suctions larger than 4 kPa. The application
of suction using pressure mode test includes the following steps:

1. Connection of the upper valve to an air-pressure system.

2. Placing the water table in the burette to the height of the bottom of the sand specimen
(h0 = 0 cm).

3. Application of air-pressure (e.g. ua = 10 kPa that is equal to ψ = 10 kPa).

4. Open all valves.

5. Due to applied suction water is flowing out of the specimen. Therefore the water table
has to be adjusted continuously by lowering the water table back to h0.

6. Repetition of the procedure 5. until equilibrium state is reached (no water flow observed).

Generally during drainage process water is flowing from the specimen into the burette. When
wetting the specimen water is flowing from the burette to the sand specimen. The change
of water table in the burette during all induced suction steps was carefully obtained. The
final gravimetric water content was calculated by oven-drying the specimen at the end of the
test. Volumetric water contents, degree of saturations and gravimetric water contents corre-
sponding to each suction step were back-calculated from these final values using incremental
amounts of water flow from each applied step.

Specimen preparation and testing procedure - column device I

Loose and dense specimens with a height of about 540 mm and 300 mm in diameter were
prepared by uniformly pluviating oven dry sand with a funnel (500 ml capacity) into the
column filled with deaired water, thus ensuring almost 100% saturation. The deaired water
was continuously injected into the cell by using the pump attached to the water reservoir at
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the bottom of the column. During the preparation procedure the water level was always kept
above the sand specimen. When preparing loose specimen the falling height of the sand was
approximately 50 mm, when preparing the dense specimen the falling height of the sand was
approximately 300 mm (see Fig. 5.8). Every tenth centimeters the void ratio in the column
was checked using the mass of dry sand in the column. With a distance of about 100 mm five
TDR sensors where placed in a row along the column to measure water content during the
testing procedure. Opposite to the TDR sensors tensiometer sensors where placed to measure
the corresponding water pressure during the testing procedure (see Fig. 5.9).

After the preparation procedure the dial gauge was attached to the top of the specimen.
The initially saturated specimen was left for ≈ 12 hours to reach equilibrium conditions
before starting the testing procedure. Following the laboratory program for steady state
tests as well as transient state tests the loose and dense specimens were drained and wetted
using the attached pump. Throughout the drainage process the water table was kept above
the bottom water reservoir. The imbibition process was not stopped until the water table
reached the top of the sand specimen. Between each cycle the specimen was left for ≈ 12
hours to reach equilibrium state.

During the whole testing procedure TDR and tensiometer sensors computed the mea-
surements every third minute. The flow rate was measured and settlements were obtained
continuously.

Specimen preparation and testing procedure - column device II

The high air-entry ceramic disk was saturated before performing the experiment equal to the
saturation process in the modified pressure plate apparatus.

PumpCylinder
TensiometersTime Domain Reflectometry Sensors Soil specimenWater reservior PumpCylinder

TensiometersTime Domain Reflectometry Sensors Soil specimenWater reservior
Preparation of loose specimen Preparation of dense specimen

Figure 5.8: Preparation of loose and dense sand specimen in column testing device I
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TDR sensor Tensiometer
17 cm 10 cm

10 cm20 cmSupply for sensors Supply for sensors
Figure 5.9: Placement of TDR sensor and tensiometer in column testing device I

Similarly to the preparation procedure in the column testing device I specimens were
pluviated using a funnel (500 ml capacity) into the column filled with water. Whereas the
water in the column testing device I is injected from the bottom water reservoir into the cell, in
the column testing device II the water is carefully filled from the top into the cell. For both the
loose and dense specimen the mass of water required for saturated condition was poured into
the column before pluviating oven dry sand into the cell. When preparing loose specimen the
falling height of the sand was approximately 50 mm, when preparing the dense specimen the
falling height of the sand was approximately 300 mm. Every fifth centimeters the void ratio
in the column was checked using the mass of dry sand in the column. With a distance of 60
mm pairs of TDR sensor and tensiometer sensor were inserted into the specimen. Specimens
approximately 230 mm high and with a diameter of 240 mm were produced.

While the system was closed (all valves closed) an air-pressure of approximately 3.5 kPa
was applied from the top of the cell to the initially water saturated specimen. After 30 min
the valve of the water reservoir was opened and the drainage procedure started. The tests
were finished when the top tensiometer sensor reached a matric suction of 3.5 kPa.

During the whole testing procedure TDR and tensiometer sensors computed the measure-
ments every minute. The flow rate was measured and settlements were obtained continuously.

Specimen preparation and testing procedure - controlled-suction oedometer cell

As explained for the modified pressure plate apparatus the ceramic disk was saturated before
each experiment and the system below the ceramic disk was thoroughly flushed with deaired
water.

The specimen preparation in the controlled-suction oedometer cell is similar to the prepa-
ration procedure in the modified pressure plate apparatus. All specimen were prepared di-
rectly into the fixed oedometer ring 20 mm high and 50 mm in diameter. Loose and dense
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oven dry specimens were prepared directly in the fixed oedoemter ring for the one dimensional
compression and rebound tests using a funnel. When preparing loose specimens the falling
height was 0 mm and when preparing dense specimens the falling height was 100 mm, followed
by the saturation process. After planing the top of the specimen the sand was saturated from
the bottom through the water reservoir and the ceramic disk. The attached burette was used
for this procedure. According to the experimental program suctions were induced either by
suction mode test for ψ = 1.5 kPa and ψ = 3 kPa or pressure mode test for ψ = 20 kPa and
ψ = 50 kPa. Here the same procedure for suction mode and pressure mode test as described
for the modified pressure plate apparatus was adopted. When no water outflow was observed
in the attached burette the specimen were loaded and unloaded. During the loading and
unloading procedure the suction was kept constant by adjusting the attached burette.

Loose wet specimens were prepared in the oedometer cell for performance of collapse tests.
Therefore oven dry sand was mixed with a predetermined amount of water. Two methods
were used for preparation of unsaturated Hostun sand specimen with a suction of ψ = 2.0
kPa:

- Method 1:

This method includes the preparation of wet sand specimens with a water content of
w = 5%. From the soil-water characteristic curve for loose specimen one can find out
that a water content of w = 5% corresponds to a suction less than ψ = 5 kPa. The
specimens were prepared in 3 layers and slightly tamped after each layer. By applying
5 kPa air pressure (pressure mode test) from the top of the specimen suction was applied.
When no change in water table in the burette was observed the predetermined suction
of 5 kPa was achieved. It followed the loading procedure, where the suction was kept
constant by adjusting the attached burette. Samples were saturated at vertical net
stress σ = 5 kPa, 12 kPa and 25 kPa, further loaded and then unloaded as described in
the experimental program.

- Method 2:

Specimens with a water content of w = 3% were prepared in 3 layers. After each
layer the specimen was tamped. The specimen with a water content of w = 3%, which
correlates to a suction of ψ = 5 kPa, were loaded for undrained test conditions up to
σ = 5 kPa, 12 kPa and 25 kPa, saturated by the attached burette, further loaded up to
100 kPa and unloaded (see experimental programm). In difference to the first method
the ceramic disc on the bottom was replaced by a porous stone.

5.4 Experimental Program

The laboratory program consists of the determination of the soil-water characteristic curve as
well as unsaturated hydraulic conductivity function under various loading conditions (inves-



108 CHAPTER 5. MATERIAL USED AND EXPERIMENTAL PROGRAM

tigation of hydraulic behavior) and the determination of stiffness behavior as well as collapse
potential (investigation of mechanical behavior). Element tests (in the modified pressure
plate apparatus and in the controlled-suction oedometer cell) and benchmark tests (in the
sand column testing device I and II) were performed and compared.

Steady state tests were performed in a modified pressure plate apparatus. The influence
of loading path history (drainage process, imbibition process, scanning process) and void
ratio (loose specimen e0 = 0.89, dense specimen e0 = 0.66) on the soil-water characteristic
curve was examined. Additionally the influence of net stress on the shape of the soil-water
characteristic curve of loose specimen was investigated. Based on axis-translation technique
measurements of the soil-water characteristic curve were directly obtained. The results were
used to predict indirectly the unsaturated hydraulic conductivity (statistical models).

Steady state as well as transient state tests were performed using a large scale column
testing device (column device I). Several drainage and imbibition curves were measured to
investigate the influence of the loading path history (drainage process, imbibition process,
scanning process), void ratio (loose specimen e0 = 0.89, dense specimen e0 = 0.66) and water
flow condition on the shape of the soil-water characteristic curves. Results derived from the
transient state test were used for direct determination of the unsaturated hydraulic conduc-
tivity by instantaneous profile method. However, the unsaturated hydraulic conductivity also
was estimated indirectly from the steady state and transient state test results using indirect
models.

Transient state tests were performed also using a small scale column testing device (col-
umn device II). Drainage tests were performed to investigate the influence of the void ratio
(loose specimen e0 = 0.89, dense specimen e0 = 0.66) and the water flow condition on the
shape of the soil-water characteristic curve. Similar to the steady state tests the unsaturated
hydraulic conductivity was indirectly estimated. In both experiments, the column device I
and column device II experiments, TDR sensors as well as tensiometer sensors measurements
were conducted. These measurements gave information about the water content versus time
relationship and the pore-water pressure versus time relationship during testing procedure.
Negative pore-water pressure measurements (matric suction) linked to the appropriate water
content measurements yield directly to the soil-water characteristic curve.

One dimensional compression and rebound tests investigated the mechanical behavior of
unsaturated loose (e0 = 0.89) and dense (e0 = 0.66) sand specimen. Tests were performed
under constant suction condition in a controlled-suction oedometer cell (Romero 1999). For
different initial conditions the collapse behavior of Hostun sand was studied. These specimens
were prepared for loose conditions.

Experiments performed for the investigation of the hydro-mechancial behavior of unsat-
urated Hostun sand are briefly summarized in Tab. 5.4 and 5.5, where the conditions of
the flow experiments and the performed measurements are summarized. Tab. 5.6 gives an
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Table 5.4: General overview of flow experiments for investigation of hydraulic properties of
unsaturated Hostun sand

Cell e0 ψ0 S0 Test method σ Loading

MPPA 0.89/0.66 0 1 Steady state - Drainage, Imbibition
MPPA 0.89 0 1 Steady state 10.0/20.0 Drainage, Imbibition
SCI 0.89/0.66 0 1 Steady, transient state - Drainage, Imbibition
SCII 0.89/0.66 0 1 Transient state - Drainage

Table 5.5: Performed measurements during flow experiments

Cell Test method TDR Tensiometer Cumulative water

MPPA Steady state No No Yes
SCI Steady state Yes Yes Yes
SCI Transient state Yes Yes Yes
SCII Transient state Yes Yes Yes

overview of the conditions of the mechanical experiments. All the tests were performed in a
climate-controlled room (21◦C ± 1◦C).

5.4.1 Tests Performed using Modified Pressure Plate Apparatus

Water outflow and inflow experiments performed in the modified pressure plate apparatus are
element tests conducted on small and thus homogenous, reproducible sand specimens. The
experiments performed are steady state type tests.

All tests were started at water saturated conditions. The specimens were subjected to a
protocol of several predetermined suction steps using either a suction mode test or a pressure
mode test (i.e. axis-translation technique). The final gravimetric water content was calculated
by oven-drying (ASTM D2216) the specimen at the end of the test. Volumetric water contents,
degree of saturations and gravimetric water contents corresponding to each suction step were
back-calculated from these final values using incremental amounts of water flow from each step

Table 5.6: General overview of experiments for investigation of mechanical properties of
unsaturated Hostun sand

Cell e0 ψ0 S0 Loading Unloading Collapse

Oedometer 0.89/0.66 1.5/3.0/20.0/50.0 × ×
Oedometer 0.89 5.0 × × ×
Oedometer 0.89 1.0 × × ×
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(see Fig. 6.1). To investigate the hydraulic behavior of unsaturated sand initially saturated
loose and dense specimens were drained in several predetermined suction steps up to 50 kPa
and wetted up to 0.1 kPa. Scanning curves were determined by further drainage up to:

- 1.7 kPa, imbibition up to 0.6 kPa and drainage to 1.7 kPa (loose specimen)

- 2.2 kPa, imbibition up to 0.8 kPa and drainage to 2.2 kPa (loose specimen)

- 2.4 kPa, imbibition up to 1.0 kPa and drainage to 2.4 kPa (loose specimen)

- 1.9 kPa, imbibition up to 0.2 kPa and drainage to 1.9 kPa (dense specimen)

- 2.4 kPa, imbibition up to 0.7 kPa and drainage to 2.4 kPa (dense specimen)

- 2.6 kPa, imbibition up to 1.3 kPa and drainage to 2.6 kPa (dense specimen)

For each loose and dense packed Hostun sand 3 saturated specimen were prepared to determine
the scanning imbibition and drainage curves.

To investigate the influence of net stress on the hydro-mechancial behavior of unsaturated
sand loose specimens were loaded with 10 kPa and 20 kPa before saturating the specimen.
Then suction values up to 50 kPa (drainage process) were applied and suction values up to
0.1 kPa (imbibition process) were applied.

5.4.2 Tests Performed using Sand Column I

Steady state experiments as well as transient state experiments were carried out using the
large scale column testing device I. Saturated loose and dense specimens with a height of
about 540 mm were prepared. Starting with an initially water saturated specimen, the sand
was dried and wetted following different paths. The outflow and inflow of water from the
sand sample was induced by increasing and decreasing the water content or saturation using
the electronic pump attached to the lower water reservoir.

In the steady state test successive 1000 ml were removed (drainage process) from the
initially saturated specimen and injected to the specimen (imbibition process). When no
changes in measurements of the TDR sensors and tensiometer sensors were observed equilib-
rium conditions in the sand specimen was achieved. Next 1000 ml were withdrawn from the
sand specimen, viz versa injected to the specimen. From the loose specimen with initially
18000 ml in the pores 10 times 1000 ml were removed and 8 times 1000 ml were injected.
From the dense specimen with initially 17000 ml in the pores 8 times 1000 ml were removed
and 8 times 1000 ml were injected. During drainage process water was pumped out successive
until the water level reached the bottom of the specimen. During imbibition process water
was pumped into the specimen until the water level reached the top of the specimen. The
loading history of the steady state experiment is given in Fig. 5.10.
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Figure 5.10: Loading history of steady state experiment in column testing device I for loose
and dense specimen

Transient state test was performed to study the influence of water flow condition on the
soil-water characteristic curve. Therefor water was withdrawn or injected to the sand sample
with a flow rate of 30ml/min and with a flow rate of 100ml/min through the reservoir at the
bottom (Tab. 5.7, Fig. 5.11). Water was pumped out of the specimen until the water level
reached the bottom of the specimen (drainage process) and then water was pumped into the
specimen until the water level reached the top of the specimen (imbibition process). The
applied flow rate caused a continuous change in suctions throughout the specimen.

Table 5.7: Experimental programm for transient state sand column tests

Loading path Flow rate [ml/min]

Initial drainage process 30
1st Imbibition process 30

1st Drainage process 30
2nd Imbibition process 100

2nd Drainage process 100
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Figure 5.11: Loading history of transient state experiment in column testing device I for loose
and dense specimen

5.4.3 Tests Performed using Sand Column II

The column testing device II was used to conduct transient state tests on loose and dense
specimen. Drainage tests were performed by applying an air-pressure of approximately 3.5 kPa
from the top of the cell to the initially water saturated specimen.

5.4.4 One Dimensional Compression and Rebound Tests

One dimensional compression and rebound test were performed in a controlled-suction
oedometer cell. Tests were carried out for loose specimen with an initial void ratio of
e0 = 0.89 ± 0.005 and dense specimen with an initial void ratio of e0 = 0.66 ± 0.005. The
precision for measured deformation is 0.001 mm and 0.6% of the absolute value for stresses
(both vertical stress and air pressure).

Special attention was given to the error estimation related to the vertical net load. Cor-
rection was applied to the measured vertical net stresses due to shear stresses between the
oedometer ring and the soil sample. Both frictional (fixed ring, triangular distribution of
horizontal stress: σmax

h = (1 − sinφp)σv, loose: φp = 34o, dense: φp = 42o (Schanz 1998))
and cohesional effects (derivation of capillary cohesion from soil-water characteristic curve)
were taken into account following (Fredlund et al. 1996b). Loose and dense specimens with
a predetermined suction value were prepared. Suctions were applied using suction mode test
(ψ = 1.5 kPa and ψ = 3 kPa) and pressure mode test (ψ = 20 kPa and ψ = 50 kPa) to
the sand samples and kept constant during the loading and unloading path. Specimens were
loaded up to 200 kPa and then unloaded to 2 kPa. Loading history and loading steps of the
one dimensional compression and rebound tests are given in Fig. 5.12 as well as Tab. 5.8.
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Figure 5.12: Loading history of one dimensional compression and rebound tests

Unsaturated Hostun sand specimen with a suction value ψ = 5 kPa were wetted to study
the collapse potential. All specimen were prepared for loose conditions. During loading the
specimens with constant suction or water content were saturated from the bottom of the cell
by the attached burette at certain vertical net stress. The saturated specimen was loaded up
to 100 kPa and unloaded in fixed steps. Saturation process was carried out at vertical net
stresses of 5 kPa, 12 kPa and 25 kPa. The loading steps for loading and unloading path are
summarized in Tab. 5.9.

Table 5.8: Experimental programm for one dimensional compression and rebound tests

ψ = const Net stress σ

ψ = 1.5 kPa 0 12 25 50 100 125 150 200
ψ = 3.0 kPa 0 12 25 50 100 125 150 200
ψ = 20.0 kPa 0 12 25 50 100 125 150 200
ψ = 50.0 kPa 0 12 25 50 100 125 150 200

ψ = const Net stress σ

ψ = 1.5 kPa 200 150 125 100 50 25 12 2
ψ = 3.0 kPa 200 150 125 100 50 25 12 2
ψ = 20.0 kPa 200 150 125 100 50 25 12 2
ψ = 50.0 kPa 200 150 125 100 50 25 12 2
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Table 5.9: Experimental programm for collapse tests

initial suction ψ0 Net stress σ

5.0 kPa 2 5 S=1 7 10 12 20 25 50 100
5.0 kPa 2 5 7 10 12 S=1 20 25 50 100
5.0 kPa 2 5 7 10 12 20 25 S=1 50 100

S = const Net stress σ

S=1 100 50 25 20 15 12 7 5 2
S=1 100 50 25 20 15 12 7 5 2
S=1 100 50 25 20 15 12 7 5 2

5.5 Summary

In this chapter the investigated material is classified. It was found, that homogeneous speci-
men were produced when pluviating the testing material directly into the oedometer ring of
the modified pressure plate apparatus. Investigations using computer tomography as well as
electron microscopy supported this. Saturated specimen, the initial condition for the tests
performed in column testing device I and II, are produced by pluviating sand directly into
the column filled with deaired water. Air-pluviated specimens were prepared in the modi-
fied pressure plate apparatus and in the controlled suction oedometer and saturated in an
additional step.

Overall the experimental programm consists of the investigation of the hydro-mechancial
behavior of unsaturated Hostun sand. Testing devices as the modified pressure plate appa-
ratus, the sand column testing device I and II as well as the controlled-suction oedometer
are used to determine the hydraulic functions of Hostun sand, the influence of suction on the
compression and swelling index as well as the stiffness modulus. Initial conditions (initial void
ratio, initial suction), applied loading paths (drainage, imbibition, loading, unloading with
vertical net stress) and flow conditions (steady state test, transient state test) are considered
in the experimental programm to estimate hydro-mechancial behavior of unsaturated sand
and to account for the phenomena (phenomenon of hysteresis, collapse, occluded air, dynamic
effect) associated with it.



Chapter 6

Experimental Results

6.1 General

The following chapter gives an extensive overview of the experimental data derived from the
laboratory program.

Results of the steady state experiments performed in the modified pressure plate appa-
ratus are cumulative water outflow and cumulative water inflow versus time measurements.
These cumulative water flow measurements and the applied suction values lead to soil-water
characteristic curves of the investigated sand, which are also given in the section below. Ex-
perimental results performed in the column testing device I under transient state as well as
steady state flow condition and column testing device II under transient state flow condition
are pore-water pressure measurements and volumetric water content measurements observed
in several depth along the columns during draining and wetting the sand specimens. Further
these measurements are directly linked to the soil-water characteristic curve. Typical results
of the column testing device I experiments performed under transient state condition are also
pore-water pressure as well as volumetric water content profiles.

Experimental results from the one dimensional compression and rebound as well as collapse
tests are given that include strain versus vertical net stress as well as void ratio versus vertical
net stress data.

6.2 Soil-Water Characteristic Curve

For determination of the soil-water characteristic curve of Hostun sand, that includes the
initial drainage curve, the main drainage and imbibition curve as well as scanning drainage and
imbibition curve the following measurements from steady state or transient state experiments
were used:

- Cumulative water outflow and inflow measurements

- Pore-water pressure measurements

115
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- Volumetric water content measurements

The measurements and the resultant soil-water characteristic curves are given in the section
below. In case of steady state tests it was also focused on the volumetric mechanical behavior,
by applying net stress to the specimen. The influence of net stress on the shape of the soil-
water characteristic was observed.

6.2.1 Steady State Test Results

Cumulative water outflow as well as inflow measurement results were derived from the tests
performed in the modified pressure plate apparatus. Experimental results of cumulative water
outflow and inflow during drainage process as well as imbibition process are plotted in Fig. 6.1.
Depending on the suction step it took a period up to 12000 min till reaching equilibrium
condition in the specimen. Before reaching the air-entry value (suction steps between 0
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drainage and imbibition process in modified pressure plate apparatus (loose specimen)
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to 1.5 kPa) most amount of water is retained in the specimen. After passing the air-entry
value, that is between a suction of 1.5 and 1.9 kPa, air starts to enter the water filled pores.
Thus water is leaving the soil and the time period to reach equilibrium significantly increases
for drainage path. The uniform grain-size distribution of the investigated material leads to
uniform pores and therefore most water is flowing out when passing the air-entry value. With
further increase in suction the volume of water that is leaving the specimen is decreasing. Viz
versa the time period for reaching equilibrium condition increases when passing the residual
suction (between 2.8 and 1.5 kPa) along the imbibition path, where the specimen starts
to absorb water. Fig. 6.2 presents the experimental results of the soil-water characteristic
curves derived from back calculation using the final water contents and the amount of water
outflow (drainage curve) and inflow (imbibition curve). Both the suction versus volumetric
water content θ(ψ) and suction versus saturation S(ψ) drainage and imbibition relations are
given for loose and dense specimens. The results for specimens prepared in both a loose and
dense state show significant hysteresis behavior. Thus during drainage cycle a certain suction
corresponds to a lower volumetric water content (or saturation) then during the imbibition
cycle.
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Figure 6.2: Experimental results of soil-water characteristic curves from steady state tests
performed in the modified pressure plate apparatus (loose specimen-left, dense specimen-
right)
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Scanning drainage cycles and imbibition cycles were also performed during the experi-
mental procedure in the modified pressure plate apparatus on 3 loose and 3 dense Hostun
sand specimen. The derived soil-water characteristic curves including scanning imbibition and
drainage curves are presented in Fig. 6.3 for loose and for dense specimen. The volumetric
water content versus suction and saturation versus suction plots are shown, where also the
volumetric water content was back calculated using the final water content measurements and
the amount of water outflow (drainage curve) and inflow (imbibition curve). Comparison of
the scanning cycles of both specimen, the loose and the dense one, clearly show that the dense
specimen is retaining larger quantity of water for a certain applied soil suction value. Due to
smaller voids in the dense specimen, that retain water up to higher suction value, scanning
cycles are located in the top part of the hysteresis loop.

During steady state tests performed in the modified pressure plate apparatus it was also
focused on the volumetric mechanical behavior by applying net stress to the specimen and
thus the influence of net stress on the shape of the soil-water characteristic curve. Volumetric
water content, saturation and void ratio versus suction relationships for different applied net
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Figure 6.3: Experimental results of soil-water characteristic curves including scanning
drainage and imbibition curves from steady state tests performed in the modified pressure
plate apparatus (loose specimen-left, dense specimen-right)
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stresses are presented in Fig. 6.4 for loose specimen. Drainage results as well as imbibition
results are given.

Soil-water characteristic curve results derived from measurements performed during steady
state test in the column testing device I shows Fig. 6.5. After removing or inducting water
equilibrium conditions were achieved. The measured water contents and pore water pressures
at equilibrium condition were measured and linked to the soil-water characteristic curve as
given in Fig. 6.5 for loose and dense specimen. The diagrams show initial drainage curves and
imbibition scanning curves derived from the 3 upper depths in the column. The soil-water
characteristic curve takes place in a narrow range of matric suction. After the first drainage
procedure the occluded air could not be replaced by the following imbibition process.

In general experimental results from steady state tests derived in modified pressure plate
apparatus and sand column testing device I show an influence of void ratio on the shape of the
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Figure 6.4: Experimental results of soil-water characteristic curve applied with net stress from
steady state test in modified pressure plate apparatus (loose specimen-left, dense specimen-
right)
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Figure 6.5: Readings from tensiometers and TDR sensors linked to drainage and imbibition
soil-water characteristic curves from steady state column test I (loose and dense specimen)

soil-water characteristic curve. Similar to the measurements observed in the modified pressure
plate apparatus, the experimental results measured in the sand column testing device I show
the effect of hysteresis. Between main drainage and imbibition loop several scanning drainage
and imbibition curves were found in the modified pressure plate test results. Comparing the
hysteresis of the volumetric water content-suction curves the loose specimen enclose a larger
area than the dense specimen. The effect of occluded air bubbles was found to be significant
for the results derived from the sand column I tests, particularly for the loose specimen.

6.2.2 Transient State Test Results

Suction measurements were performed in several depth during experiments carried out in sand
column device I under transient state condition using tensiometer sensors (Fig. 6.6). These
measurements were carried out parallel to volumetric water content measurements using TDR
sensors that are also presented below (Fig. 6.7). The results are pairs of tensiometer and TDR
readings, which are linked to the soil-water characteristic curve (Fig. 6.8).

Typical tensiometer results measured in transient state column test I are given in Fig. 6.6.
These figures respectively show the measurements derived from the drainage and imbibition
processes observed from both the loose and dense specimen. As described in the laboratory
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Figure 6.6: Suction measurements for drainage and imbibition processes from transient state
column test I (loose specimen-top, dense specimen-bottom)

program to an initially saturated specimen several flow rates were induced for several flow
processes:

1. Initial drainage process with an applied flow rate of approximately 30 ml/min.

2. First imbibition/ drainage process with an applied flow rate of approximately 30 ml/min.

3. Second imbibition/ drainage process with an applied flow rate of approximately
100 ml/min.
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Measurements of the sensors were performed in 5 depth. Tensiometer T (450 mm) and the
TDR probe TDR (450 mm) are located at the bottom of the column in a depth of 450mm
and T (70 mm) and TDR (70 mm) are located at the top of the column in a depth of
70 mm (TDR measurements see Fig. 6.7 given below). The initial condition for the initial
drainage process is a water saturated specimen with the water table located at the top of the
specimen. Under saturated condition the tensiometers measure positive pore-water pressure
(hydrostatic pressure). The pore water pressure is increasing with depth. The original state for
each imbibition cycle corresponds to an unsaturated sand specimen, where the water table is
located at the bottom of the specimen. Under unsaturated condition the tensiometers measure
initially negative pore-water pressure (matric suction, capillary pressure). With increasing
depth the pore-water pressure is increasing. Thus the matric suction is decreasing with
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Figure 6.7: Example of volumetric water content measurements for drainage and imbibition
processes from transient state column test (loose specimen-top, dense specimen-bottom)
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depth. Following for instance the 1st imbibition process in Fig. 6.6 the tensiometer T (70
mm) measures a lower negative pore-water pressure than tensiometer T (450 mm), referring
to a higher suction at the top of the sand specimen. With increase in water table due to water
inflow the suction is increasing. Saturated conditions are reached in the specimen when the
tensiometers measure positive pore-water pressures. The imbibition process is stopped when
the water table reaches the top of the specimen.

Following the experimental results derived from the 1st drainage process in Fig. 6.6 ten-
siometer T (450 mm) measures a lower positive pore-water pressure than tensiometer T (70
mm), indicating a higher hydrostatic pressure at the bottom of the specimen. During drainage
of the sand specimen the positive pore-water pressures are decreasing until reaching negative
pore-water pressures. The measured negative pore-water pressures at the end of the draining
process is lower at the top of the specimen than at the bottom of the specimen. Consequently,
the suction is higher at the top of the specimen than at the bottom of the specimen.

Volumetric water content measurements are given in Fig. 6.7. As mentioned before the
initial condition for the initial drainage process is a water saturated specimen with the water
table located at the top of the specimen. For the initially saturated specimen the TDR sensors
measure the saturated volumetric water content (corresponding to S = 1), which is equal in
each depth.

It was also mentioned before, that the original state for the imbibition cycles correspond
to an unsaturated sand specimen, where the water table is located at the bottom of the
specimen. Thus TDR sensors measure the volumetric water content in the specimen, that
differs with depth. On the bottom a larger volumetric water content is measured than on the
top.

Following for instance the 1st imbibition process in Fig. 6.7 the measured volumetric
water content at the top of the specimen is lower than the volumetric water content at the
bottom of the specimen. During imbibition process the volumetric water content is increasing
corresponding to a decreasing suction. During the imbibition process the volumetric water
content increases first at the bottom of the specimen and then at the top of the specimen.
The imbibition process is stopped when the water table reaches the top of the specimen.
Even when the water table is at the top of the specimen, measurements in sensors TDR (70
mm) to TDR (450 mm) refer to a degree of saturation less than 1 (apparent saturation S′).
Thus the measured volumetric water contents are influenced by occluded air bubbles (also
called apparent volumetric water content θ′). The TDR (450 mm) sensor at the bottom of
the specimen measures the volumetric water content referring to water saturated conditions,
S = 1. This portion of the specimen remains saturated during the entire testing procedure
and occluded air bubble cannot occur. The experimental results derived from the 1st drainage
process in Fig. 6.7 show that the sand specimen is saturated and the measurements from the
TDR sensors, TDR (450 mm) to TDR (70 mm), correspond to a degree of saturation close to
1. During drainage the volumetric water contents are decreasing, first at top of the specimen
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Figure 6.8: Readings from tensiometers and TDR sensors linked to drainage and imbibition
soil-water characteristic curves from transient state column test I (loose specimen-left, dense
specimen-right)
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and than at the bottom of the specimen. The sensors on the bottom of the cell (TDR/T 450
mm) are located in the saturated zone through the complete testing procedures. Therefore
the volumetric water content is constant through the complete testing procedure (TDR 450
mm: θs,loose = 46%, θs,dense = 39%). The other sensors give results for saturated as well as
unsaturated conditions.

As shown in Fig. 6.8 the tensiometer as well as the TDR probe measurements enable a
direct measurement between negative pore water pressure (matric suction, capillary pressure)
and volumetric water content that finally lead to the observation of the soil-water character-
istic curve. For loose as well as dense specimen the measurements are presented as volumetric
water content versus matric suction and saturation versus matric suction. The main drainage
path, 1st imbibition and drainage paths (flow rate ≈ 30 ml/min) as well as 2nd imbibition
and drainage paths (flow rate ≈ 100 ml/min) obtained in the different depths are shown. It
was observed that after the first wetting, complete saturation (S = 1) was not again recov-
ered. The occluded air could not be displaced during subsequent imbibition paths. Different
placement depths of the sensors resulted in different initial suctions and volumetric water
contents, respectively, in the unsaturated zone during further imbibition cycles. Subsequent
curves are located within the main drainage and imbibition loop and are known as scanning
curves.

Similar to the flow experiments in the sand column test I, the tests performed in the column
testing device II were carried out under transient state condition. Therefore measurements of
pore-water pressure by using tensiometer sensors and volumetric water content by using TDR
sensor were carried out in several depth. Pore-water pressure versus time measurements are
given in Fig. 6.9 for the loose specimen and for the dense specimen. Corresponding TDR sensor
measurements are given in Fig. 6.10 as volumetric water content versus time measurement
results. After application of air-pressure ua = 3.5 kPa that is conform to a suction ψ = 3.5 kPa
to the specimens from the upper part of the apparatus the specimen starts to drain. At the
beginning of the test tensiometers measure positive pore-water pressure, which is higher at
the bottom than at top of the cell (see Fig. 6.9). When applying air-pressure the pore-
water pressure is decreasing first in the top layer than in the bottom layer until reaching
negative-pore water pressure. Initially the specimens are water saturated and a saturated
volumetric water content of θs,loose = 47% and θs,dense = 41% was measured (see Fig. 6.10).
After application of air-pressure to the specimens from the upper part of the apparatus the
specimen starts to drain. First the volumetric water content in the top layer is increasing and
than the volumetric water content in the bottom layer is increasing. Cumulative water outflow
measurement results derived during column testing device II for loose and dense specimen are
given in Fig. 6.11. Larger amount of water flow out from the loose specimen than from the
dense specimen. Measurements stopped when water was flowing out no longer.

Similar to the tests performed in the column testing device I the TDR and tensiome-
ter measurements are directly linked to the soil-water characteristic curve, that is given in
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Figure 6.9: Suction measurements for drainage process from transient state column test II
(loose specimen-left, dense specimen-right)
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Figure 6.10: Volumetric water content measurements for drainage process from transient state
column test II (loose specimen-left, dense specimen-right)

Figs. 6.12 for both loose and dense specimen. Since the initial condition is equal in each
measurement depth (initially saturated specimen), the shape of the measured soil-water char-
acteristic curve is similar.

As the steady state test results, the transient state results show an influence of void ratio
on the shape of the soil-water characteristic curve, that will result in different soil-water
characteristic curve parameters as for instance air-entry value, residual suction and water-
entry value for loose and dense specimen. The measurements derived during drainage and
imbibition process are not unique that leads to the phenomena of hysteresis. In sand column
test I experiments several scanning imbibition curves were found. Even after several performed
imbibition processes in sand column I tests a fully saturated specimen was not achieved again.
Here also the effect of occluded air bubbles was found to be significant for both the loose and
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dense specimen. Independent from the experimental procedure (specimen were drained and
wetted with a flow rate of 30 ml/min as well as 100 ml/min and a suction of 3.5 kPa was
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suddenly applied to an initially saturated specimen) it seems, that the parameters as air-entry
value, residual suction, residual water content and water-entry value are similar for the loose
specimens and respectively for the dense specimens.

6.3 Unsaturated Hydraulic Conductivity

The unsaturated hydraulic conductivity was directly determined using suction and also volu-
metric water content measurements from the transient state sand column test I. Exemplary
pore-water pressure (hydrostatic pressure has positive sign and matric suction has negative
sign) and also exemplary volumetric water content profiles are presented in Fig. 6.13 for initial
drainage process and in Fig. 6.14 for 1st drainage process of loose specimen. Measurements
every 20 th minutes are presented for several depths. Fig. 6.13 presents the initial condition
which is a fully saturated specimen. The tensiometer sensors measure the hydrostatic pres-
sure (positive pore water pressure) of water that shows a linear distribution in the specimen.
The TDR sensors measure the volumetric water content that is constant along the column.
Fig. 6.14 also presents a saturated specimen with a linear distributed positive pore water
pressure. But after 1st imbibition process air remains in the pores and therefore full satu-
ration of the specimen is not reached (θ′s = 39%) as given in the volumetric water content
profile. Only the bottom TDR sensor is located in the saturated zone through the experiment
(θs = 46%). Both Figures show with outflow of water decreasing pore water pressure and
decreasing volumetric water content first in the top part and then in the bottom part of the
specimen.
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Figure 6.14: Pore-water pressure and volumetric water content profiles for 1st drainage process
(loose specimen)

6.4 Volumetric Behavior

For determination of the mechanical behavior of unsaturated Hostun sand stress-strain re-
lationships derived from one dimensional compression rebound tests and collapse tests were
investigated. The results are give in the section below.

6.4.1 Stress-Strain Relationship

Experimental results from one dimensional compression and rebound tests are presented in
Fig. 6.15 for loose specimens and in Fig. 6.16 for dense specimens. Volumetric strain versus
applied vertical net stress as well as void ratio versus applied vertical net stress results are
given in the diagrams. For sands the following typical observations in the stress-strain curve
are made (Lambe & Whitman 1969):

- Observation during loading path:

As can be seen in the stress strain diagrams in Figs. 6.15 and 6.16 the sand becomes
stiffer with increasing vertical stress. As the stress increases within the soil sample
loose arrays collapse followed by denser arrays. Each movement results in a stiffer
packed specimen and thus decreasing void ratio. With increasing stress the stress-strain
curvature becomes concave to the strain axis resulting from fracturing of individual sand
particles. Whereas sliding between particles occurs at all stress levels, fracturing and
crushing becomes increasingly important with increase in vertical stress.
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Figure 6.15: Experimental results of one dimensional compression rebound test for constant
suction condition (loose specimen)

- Observation during unloading path:

The unloading path shows that the initial strain is not reached again. The strain from
sliding between particles or fracturing is an irreversible process. Some reverse sliding
during unloading is observed. This is due elastic energy within few particles.

A comparison between the experimental results of the loose specimen and the dense specimen
in Fig. 6.15 and Fig. 6.16 shows that as anticipated the stiffness for dense specimens is
higher then for loose specimens. The difference in void ration during loading path is larger
for the loose specimens with approximately ∆e = 0.025 than for the dense specimens with
approximately ∆e = 0.015, which indicates a higher stiffness for the dense one. From the test
results for both loose and dense specimens it is observed, that the change in void ratio for
the specimens with applied suctions up to ψ = 20 kPa is smaller than for the dry as well as
saturated (S = 1) specimens. The results of the test with applied suction ψ = 50 kPa are close
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Figure 6.16: Experimental results of one dimensional compression rebound test for constant
suction condition (dense specimen)

to the results performed under saturated condition, because the corresponding volumetric
water content or saturation is close to zero under this condition (see for instance experimental
result of soil-water characteristic curve for loose an dense specimen in Fig. 6.2 during drainage
process). From the observations it can be concluded that with increasing suction the stiffness
is increasing but after reaching an certain suction value the stiffness is decreasing again.
Comparing the unloading path of all tests one can state, that there is a similar behavior for
all the specimens. The curves are almost parallel.

6.4.2 Collapse Behavior

Results of oedometer tests for estimation of collapse potential are presented in Fig. 6.17 for
Method 1 (left) and Method 2 (right) for loose Hostun sand samples. Volumetric strain versus
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Figure 6.17: Experimental results of collapse potential for loose specimen - Method 1 (left)
and Method 2 (right)

applied vertical net stress as well as void ratio versus applied vertical net stress results are
presented. The overall behavior is, that the collapse potential of Hostun Sand seems to be
small, when saturation process is carried out at vertical net stress σ = 5, 12 and 25 kPa.
Results from Method 1 show differences in void ratio of ∆e = 0.0015 for saturation at σ = 5
kPa, ∆e = 0.0022 for saturation at σ = 12 kPa and difference in void ratio of ∆e = 0.0009 for
saturation at σ = 25 kPa. Results from Method 2 show differences in void ratio of ∆e = 0.0031
for saturation at σ = 5 kPa, ∆e = 0.0020 for saturation at σ = 12 kPa and difference in void
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ratio of ∆e = 0.0020 for saturation at σ = 25 kPa. Regarding the stiffness behavior before
and after the saturation process it seems, that before saturated condition in the specimen the
stiffness is higher. But calculations of compression index and stiffness modulus are required
for proper conclusions. Results of the compression index and stiffness modulus are presented
later in Chapter 7.

6.5 Summary

This chapter presents the results derived from the experiments performed. The experimental
results from the column testing devices (i.e. volumetric water content and pore-water pressure
versus time results and suction-water content results), the modified pressure plate apparatus
(i.e. cumulative water outflow/inflow data, changes in void ratio and soil-water characteristic
curves) as well as the controlled-suction oedometer cell (i.e. strain versus vertical net stress,
void ratio versus vertical net stress) are presented and discussed.

The investigations on Hostun sand performed in the modified pressure plate apparatus
and in the sand column testing devices I an II show, that the void ratio as well as the loading
path direction (i.e. drainage or imbibition path) influence its hydraulic behavior. Derived
soil-water characteristic curves established from steady state approach and transient state
approach show quantitative similar behavior. The influence of net stress on the hydraulic
behavior of unsaturated sand is found to be negligible. All cells enable to measure directly
the soil-water characteristic curve. The unsaturated hydraulic conductivity can be directly
determined using pore-water pressure and volumetric water content profiles measured during
sand column testing devices I experiments.

The investigations carried out in the controlled-suction oedometer cell show, that not only
the void ration but also the suction influences the stiffness behavior of unsaturated Hostun
sand. The collapse potential was found to be small.
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Chapter 7

Analysis and Interpretation of the
Experimental Results

7.1 General

Based on the experimental results the hydro-mechancial behavior of unsaturated Hostun sand
is analyzed and interpreted. Both the hydraulic functions, soil-water characteristic curve as
well as unsaturated hydraulic conductivity and the influence of suction on the volumetric
mechanical behavior is analyzed and interpreted.

In the present study experimental soil-water characteristic curve results are best fitted
using empirical and physical models proposed in literature. For prediction of the model pa-
rameters suction-water content results are best fitted using residual analysis. Due to hystere-
sis behavior during drainage and imbibition, that also results in fitting scanning curves (e.g.
scanning imbibition curves measured in sand column testing device I experiments), it is a
laborious procedure, when using models that do not consider hysteresis. Therefore a method
is introduced and implemented in Chapter 8 for an appropriate model that considers scanning
imbibition curves.

Attention is also paid to the volumetric mechanical behavior that includes the influence
of suction on the compression index and the stiffness modulus respectively and the collapse
potential. An equation that considers suction, when calculation the stiffness modulus is
proposed. Further it is investigated if the applied suction influences the soils history in case
of preconsolidation pressure.

7.2 Soil-Water Characteristic Curve

The empirical equations (Eq. 2.9 to 2.11) introduced in Chapter 2 were used for determination
of the soil-water characteristic curve. Following the statistical assessment described below in
detail, best fit between experimental results (observed values) and the soil-water characteristic
curve model (predicted values) was estimated.
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Soil-water characteristic curves were predicted for several void ratios (loose and dense
condition), different flow paths (drainage, imbibition and scanning paths) and also under
different flow conditions (steady state and transient state condition). Taking these conditions
into account the results are compared in the following sections. The curves derived from best
fitting procedure are used for the comparison.

7.2.1 Residual Analysis

Soil-water characteristic curve is used in numerical simulation and for indirect estimation of
unsaturated hydraulic conductivity, the relationship between volumetric water content and
suction θ(ψ) or also quite often saturation and suction S(ψ) is required. In the case of the
indirect method for determining the unsaturated hydraulic conductivity function, the soil-
water characteristic curve is used as basis for these calculations. Therefore it is important
that the soil-water characteristic curve is accurately fitted. The curve fit is sensitive at points
such as the air-entry value, the water-entry value as well as the residual water content and
the residual suction.

It was mentioned before, that for solving the non-linear least-square regression problem
the Levenberg-Marquardt algorithm (see Eq. 3.3) is used. Further statistical techniques as
plots of predicted versus observed values and residual versus observed values were used for
validation of the models. The observed values correspond to the experimental data (i.e.
measured volumetric water content) and the predicted values correspond to the calculated
data (i.e. calculated volumetric water content). From statistical point of view good set of
parameters is found, when the results in the plot of predicted versus observed values are close
to the bisection line f(x) = x. Indicating that the predicted value is similar to the observed
value. If the points are located above the bisection line the observed values are underestimated
by the predicted values and if the points are located beneath the bisection line the observed
values are overestimated by the predicted values. The plot of residual (difference between
observed and predicted value) and observed values should be randomly distributed above and
below the line of f(x) = 0. Then the errors are randomly distributed over the measurement
range. The coefficient of regression determination R2 was also determined. A coefficient of
R2 = 1 means that the observed values are equal to predicted values and the error is equal
to zero. Thus if R2 is converging to 1 a good fit is found.

Exemplary results from the statistical analysis given in Fig. 7.1 as well as 7.2 show observed
values (left) and the residuals (right) plotted versus predicted values derived from drainage
as well as imbibition experiment carried out in the modified pressure plate apparatus for the
loose specimens. The coefficient of regression determination R2 is also given in the diagrams.
Results are given in order of using the equation by Brooks and Corey (Eq. 2.9), van Genuchten
with the assumption m is a non-flexible parameter m = 1− 1/n (Eq. 2.10a), van Genuchten
with flexible parameter m (Eq. 2.10b) and Fredlund and Xing (Eq. 2.11).
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Figure 7.1: Statistical assessment of best fit results using several suction-water content models
for drainage process from modified pressure plate apparatus (loose specimens, steady state
test)
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Figure 7.2: Statistical assessment of best fit results using several suction-water content models
for imbibition process from modified pressure plate apparatus (loose specimens, steady state
test)
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In Fig. 7.1 a) to d) the overall impression is that the points are close to the bisection
line in the diagrams of observed and predicted values. As closer the points to the bisection
line f(x) = x in the diagrams of observed versus predicted values as better the result of the
curve fit. Using Brooks and Corey’s (1964) power-law relationship saturated volumetric water
contents are not considered in the best-fit procedure and statistical analysis. This equation is
not valid in the saturated zone and is only applicable for suctions larger than air-entry value
(ψ > ψaev), that corresponds to volumetric water contents smaller than saturated volumetric
water content (θ < θs). Due to sudden increase in volumetric water content after reaching the
air-entry value up to the residual water content, points are concentrated mainly at low values
(see Fig 7.1 a) to d)) as well as high values (see Fig 7.1 b) to d)) that corresponds to volumetric
water contents in the residual zone and respectively to saturated volumetric water contents.
For low volumetric water contents good agreement between observed and predicted values
was found for all model functions. At larger volumetric water contents between θ = 7% to
20% for the most results the observed values are overestimated by the predicted values when
using Brooks and Corey’s (1964) model function and van Genuchten’s (1980) model including
m = 1 − 1/n. Except two points that are far underestimated by all model functions. Best
agreement in the range of θ = 7% to 20% was found for van Genuchten’s (1980) and Fredlund
and Xing’s (1994) model. Using Brooks and Corey’s (1964) equation for volumetric water
content between θ = 20% to 46 the most experimental values are underestimated by the
predicted values. Even the points are closer to the bisection line in Fig 7.1 this trend can be
observed also when using van Genuchten’s (1980) equation considering m = 1− 1/n. In this
range best agreement between observed and predicted values was found for van Genuchtens
(1980) as well as Fredlund and Xing’s (1994) model function. At all the results are closest to
the bisection line using Fredlund and Xing’s (1994) model, which means that the observed
values are similar to predicted values. This is also expressed by the coefficient of regression
determination R2 = 0.996. The plot of residuals versus predicted values should be randomly
distributed above and below the line of f(x) = 0. The diagrams are given in Fig. 7.1 e) to h)
respectively. The diagrams in Fig. 7.1 e) to h) show that for low volumetric water contents
θ = 0% to θ = 10% the points are best scattered, when using Brooks and Corey’s (1964)
and Fredlund and Xing’s (1994) model for fitting procedure. Mainly when using both van
Genuchten’s (1980) equations vertical orientation of points was found in the residual zone. In
the range of θ = 10% to θ = 46% the results are randomly distributed.

Results derived from statistical analysis of fitting procedure from imbibition data (see
Fig 7.2) show that observed and predicted values are in good agreement for fitting procedure
using both van Genuchten’s (1980) and Fredlund and Xing’s (1994) model functions. This is
also reflected in the coefficient of regression determination R2 = 0.993. Results are randomly
distributed in the plot of residual versus predicted values for all model functions. But for
volumetric water contents θ = 20% to 46% most points are located above the line of f(x) = 0
when using Brooks and Corey’s (1964) function. This is also reflected in the underestima-
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tion of the observed values in the plot of observed versus predicted values and in the lower
coefficient of regression determination R2 = 0.966.

All best fit results are given in Fig 7.3 for the loose specimens. Volumetric water con-
tent versus suction θ(ψ) and saturation versus suction S(ψ) are shown. The best fitted
curve derived from Brooks and Corey’s (1964) function shows differences between the fit and
experimental data in the region of the air-entry value (drainage process), in the residual
zone (drainage process and imbibition process) and in the saturated zone (drainage process).
However, the best fitted curve was derived by Fredlund and Xing’s (1994) equation. Good
agreement in the sensitive zones as air-entry value, residual zones, water-entry value was
found. Thus Fredlund and Xing’s (1994) equation is used for further best fit procedure and
also for further analysis of unsaturated hydraulic conductivity (indirect method, statistical
model). Best fit results derived from residual analysis from all the experimental data are
summarized in Appendix B in Figs. B.1 to B.10. The soil-water characteristic curves are
plotted as volumetric water content versus suction as well as saturation versus suction. For
further interpretation and analysis of the results the best fitted of soil-water characteristic
curves are used.
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Figure 7.3: Comparison between experimental results and best fitted relations derived from
several suction-water content models for drainage and imbibition process from modified pres-
sure plate apparatus (loose specimens, steady state test)
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7.2.2 Steady State Test Results

For interpretation and comparison of the results typical soil-water characteristic curve param-
eters as the air-entry value, the saturated volumetric water content and the residual volumetric
water content with the corresponding residual suction were estimated. According to Fredlund
and Xing (1994) these parameters were graphically determined.

For the soil-water characteristic curve determined in the modified pressure plate apparatus
(see also Fig B.1 and B.2 for loose and dense specimen in Appendix B) an air-entry value of
approximately ψaev = 1.4 kPa was found for the loose specimen. This value is smaller then
that for the dense specimen which is about ψaev = 1.9 kPa. After reaching the air-entry value
the water content decreases along a narrow range of suction for both sand specimens. The
transition zone is between ψaev = 1.4 kPa to ψr = 2.8 kPa (θr = 5%) for the loose specimen
and between ψaev = 1.9 kPa to ψr = 3.3 kPa (θr = 2%) for the dense specimen. The residual
zone starts at a relatively low suction value for the drainage cycle for the dense specimens
and the loose specimens. Along the imbibition path there is no significant change in water
content measured in a range from approximately 50.0 kPa to 3.0 kPa. The transition zone for
loose specimen starts at a water-entry value ψwev = 2.8 kPa and for the dense specimen at a
water-entry value ψwev = 3.3 kPa. For the loose specimen the transition zone extends up to
0.27 kPa and up to 0.5 kPa for the dense specimen. The saturated zone falls in a relatively
narrow range for both dense and loose specimens.

The experimental results of the steady state column tests I and best fitted curves are
shown for loose and dense specimens in Fig. B.3 and B.4. The specimens are initially water
saturated (θs,loose = 46%, θs,dense = 40%). After imbibition process both specimen do not
reach complete saturation due to occlusion of air in the specimens voids. The saturated
volumetric water content after imbibition process is θ′s = 39% for the loose specimen and
θ′s = 37% for the dense specimen. While the loose specimen starts to drain approximately
at an air-entry value ψaev = 1.2 kPa the dense specimen starts to drain at ψaev = 1.9 kPa
(saturated zone). The residual suction is equal to ψr = 2.8 kPa with a corresponding residual
volumetric water content θr = 4% for the loose and ψr = 3.2 kPa and θr = 6% for the dense
specimen. In a narrow range of suction the volumetric water content is decreasing beginning
from the air-entry value to the residual suction (transition zone). The residual zone starts at
low suction value of ψr = 2.8, θr = 4% for the loose and ψr = 3.2, θr = 6% for the dense
specimens. Influenced by occluded air after imbibition process apparent saturated volumetric
water content of θ

′
s = 39% for loose and θ

′
s = 37% for dense specimen were achieved.

Influence of void ratio

Loose and dense soil-water characteristic curves are compared in Fig 7.4, that includes the
main drainage (here the initial drainage curve is equal to the main drainage curve because
after imbibition process fully saturated specimen was derived again) and imbibition loop



7.2. SOIL-WATER CHARACTERISTIC CURVE 143

0

10

20

30

40

50

0.1 1 10 100
Suction (kPa)

Vo
lum

etr
ic w

ate
r c

on
ten

t (%
) Loose specimen - drainageLoose specimen - imbibitionDense specimen - drainageDense specimen - imbibition

ψ aev= 1.4 kPa (loose)
ψ aev= 1.9 kPa (dense)

ψ wev= 2.1 kPa (loose)
ψ wev= 2.6 kPa (dense)

θ s =46%
θ s = 40%

θ r= 5%, ψ r= 2.8 kPa (loose)
θ r= 2%, ψ r= 3.3 kPa (dense)

0

10

20

30

40

50

0.1 1 10 100Suction (kPa)

Vo
lum

etr
ic w

ate
r c

on
ten

t (%
)

θ s= 46%
θ s= 41% ψ aev= 1.2 kPa 

ψ aev= 1.9 kPa
θ r= 6%, ψ r= 3.0 kPa
θ r= 5%, ψ r= 2.7 kPa

θ s = θ ' s 

Loose specimenInitial void ratio = 0.89Dense specimenInitial void ratio = 0.66
Figure 7.4: Influence of void ratio on the shape of the soil-water characteristic curve (steady
state tests)

derived from modified pressure plate apparatus and the initial drainage curve derived from
sand column test I. As can be observed from the curves the void ratio is influencing the shape
of both, the drainage and the imbibition curve. The saturated volumetric water content of
the loose specimens is larger then for the dense specimens (θs,loose > θs,dense). Here the larger
voids of the loose specimen retain larger amount of water. Overall behavior is that with
decreasing void ratio the soil-water characteristic curve is shifting to slightly higher suction
values. This leads to higher air-entry value, residual suction as well as residual volumetric
water content during drainage path and also higher water-entry value during imbibition path.
Due to the smaller voids in the dense specimen the water is retained up to higher suction
values (ψaev,dense > ψaev,loose) when draining the saturated specimen. However, this is also
causing higher residual volumetric water contents (θr,dense > θr,loose) for the dense specimens.
When wetting the specimen the smaller voids of the dense specimens do absorb water at
slightly higher suction values than loose specimens (ψwev,dense > ψwev,loose). The saturated
volumetric water content θs is reached first for the dense specimen.
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Influence of loading path direction

Influence of loading path direction, i.e. main drainage and imbibition process was investigated
in the modified pressure plate apparatus and in sand column test I, where the imbibition re-
sults are scanning imbibition curves. These results are given in Fig. 7.5. The main imbibition
and drainage curves show significant influence of loading path on the shape of the suction-
water content curves. Draining and imbibition processes of the specimen show non-unique
behavior. For a suction value the corresponding volumetric water content (degree of satura-
tion, water content) during imbibition process is smaller than during drainage process. The
curves are characterized by the phenomena of hysteresis. The scanning imbibition curves are
located between the main drainage and imbibition loop.

Whereas after imbibition procedure an initially saturated specimen was reached again for
the tests performed in the modified pressure plate apparatus, in the sand column test I an
initially saturated specimen was not reached (θ

′
s,loose = 39%, θ

′
s,dense = 37%). The results are

characterized by occluded air.
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Figure 7.5: Influence of loading path direction (drainage, imbibition process) on the shape of
the soil-water characteristic curve (steady state tests)



7.2. SOIL-WATER CHARACTERISTIC CURVE 145

Influence of net stress

In contrast to cohesive soils the influence of net stress on the shape of the soil-water charac-
teristic curve is small for Hostun sand as can be seen in Fig. 6.4. Changes in void ratio are
negligible small during the whole experimental procedure. After saturation process and after
application of net stress main changes in void ratio take place. While wetting the sand spec-
imen with water small changes in settlements were measured and thus no significant changes
in void ratio were observed.

7.2.3 Transient State Test Results

The experimental results of sand column tests I and the best curve fits respectively are given
in in Appendix B in Figs. B.5 to B.8 for loose and dense specimens. Soil-water characteristic
curves θ(ψ) and S(ψ) are presented for the tests performed under transient state condition
with a flow rate of 30 ml/min as well as 100 ml/min. The saturated volumetric water content
is θs = 46% for the loose specimen and θs = 39% for the dense specimen under initially
saturated condition. Caused by the occluded air after first imbibition process the saturated
volumetric water content reduces to θ′s = 39% for the loose specimen and θ′s = 35% for the
dense specimen. For the experimental results of the transient state test an air-entry value
of approximately ψaev = 1.6 kPa was found for the loose specimen and ψaev = 2.1 kPa for
the dense specimen. Up to the air-entry value the soil-water characteristic curve is located
in the saturated zone. After reaching the air-entry value, the water content decreases rapidly
for both sand specimens and reaches the transition zone. The transition zone is between
ψaev = 1.6 kPa to ψr = 2.7 kPa (θr = 5%) for the loose specimen and between ψaev = 2.1 kPa
to ψr = 3.0 kPa (θr = 6%) for the dense specimen. The residual zone starts at a relatively
low suction value in the drainage cycle for both sand specimens.

In Fig. B.9 and B.10 the experimental results and the curve fits of the transient state
tests performed in the column testing device II are shown. A saturated volumetric water
content of θs = 47% was measured for the loose specimen and θs = 41% for the dense
one. The volumetric water content is not changing till reaching the air-entry value, that is
ψaev = 1.7 kPa for the loose specimen and ψaev = 1.9 kPa for the dense specimen (saturated
zone). When passing the air-entry value the volumetric water content is rapidly decreasing
and the soil reaches unsaturated condition. The transition zone extends from the air-entry
value up to residual suction and the residual volumetric water content of ψr = 3.6 and θr = 6%
for the loose specimen and ψr = 3.8 and θr = 8% for the dense specimen. Similar to all derived
results the residual zone begins at low suction value.
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Influence of void ratio

Soil-water characteristic curves derived for dense and loose specimen from transient state tests
are presented in Fig. 7.6. Similar to the steady state tests a decrease in void ratio causes a
shift of the soil-water characteristic curve to larger suction values (i.e. ψaev,dense > ψaev,loose,
θr,dense > θr,loose).

Influence of loading path direction

Similar to the steady state tests the drainage and imbibition curves derived from transient
state test are not unique (see also Fig 7.7). The imbibition curves measured in different depths
at different conditions on the main drainage curve are found to be scanning imbibition curves.
For the loose and the dense specimens the imbibition scanning curves measured in the upper
part of the sand specimen start at a higher suction value than the imbibition scanning curves
measured in the lower part of the sand specimen. These curves are located within the main
drainage-imbibition hysteresis.
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Figure 7.7: Influence of loading path direction (drainage, imbibition process) on the shape of
the soil-water characteristic curve (transient state tests)

Due to occluded air bubbles the initial saturated volumetric water content is not achieved
after subsequent imbibition process. The occurrence of occluded air in the sand column tests I
(transient state test) shows differences ranging from θs = 46% to θ′s = 39% for loose specimen
and from θs = 39% to θ′s = 35% for dense specimen. However, also the tests performed in
the same testing device (sand column test I) but under steady state condition give similar
results (see Fig. 7.5). The dense specimens show the phenomenon of occluded air to have a
minor effect because the pores of the dense specimens are smaller and therefore the volume
of occluded air appears to be smaller than for the loose specimens.

The phenomena of occluded air bubbles was not found to be significant for the results
observed from the modified pressure plate apparatus (see also Fig. 7.5). The occurrence of
occluded air in the modified pressure plate apparatus tests (steady state tests) has less effect
than in the sand column tests I (transient state and steady state tests). The modified pressure
plate apparatus tests were performed in a small scale apparatus and the sand column tests
I were performed in large scale column. It appears that the size of the equipment influences
the relative effect of occluded air.
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Influence of flow condition

The drainage curves derived from transient state tests, that were performed under several
flow conditions are shown in Fig. 7.8. For better view the plots are not given in logarithm
form. Even a slow flow rate of 30 ml/min, a fast flow rate of 100 ml/min and air pressure
ua = 3.5 kPa were induced to the sand specimen no significant change or shift of the soil-water
characteristic curve for both the loose and dense specimen was observed. It seems that the
soil-water characteristic curve parameters (the parameter of the saturated volumetric water
content is not taken into account due to presence of occluded air) are similar for drainage
curves performed with a flow rate ≈ 30 ml/min, with a flow rate ≈ 100 ml/min and under
applied air pressure ua = 3.5 kPa. The so called dynamic effect was not found to be significant
for Hostun sand.

Imbibition curves were also performed under several flow conditions (30 ml/min and
100 ml/min), but can not be compared due to different initial condition when starting the
imbibition process.
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7.2.4 Comparison of Steady State and Transient State Results

For investigation of the influence of flow condition on the shape of the soil-water characteristic
curve, steady state tests were performed in the modified pressure plate apparatus and also in
the sand column testing device I. Transient state tests were performed in sand column test
I, where 2 different flow rates were applied to the sand specimen and in sand column test
II, where air pressure was applied to the top of the sand specimen. Steady state as well as
transient state drainage curves results are shown in Fig. 7.9. Neither for the loose specimens
nor for the dense specimens significant influence of flow condition on the shape of the soil-
water characteristic curve was observed. Soil-water characteristic curve parameters derived
from all experiments are summarized in Tab. 7.1 for loose and dense specimens. Values as
the air-entry value or the residual suction are in the same range for each the loose as well
as dense specimens. Thus the dynamic effect is not influencing the shape of the soil-water
characteristic curve for the investigated material. The drainage soil-water characteristic curve
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Table 7.1: Soil-water characteristic curve parameters

Cell Test method θs (%) ψaev (kPa) θr (%) ψr (kPa) ψwev (kPa) θ
′
s (%)

Loose specimen

MPPA Steady state 46 1.4 5 2.8 2.1 46
SCI Steady state 46 1.2 5 2.7 - 39
SCI Transient state 46 1.6 5 2.7 - 39
SCII Transient state 47 1.7 6 3.6 - -

Dense specimen

MPPA Steady state 40 1.9 2 3.3 2.6 40
SCI Steady state 40 1.9 6 3.0 - 37
SCI Transient state 39 2.1 6 3.0 - 35
SCII Transient state 41 1.9 8 3.8 - -

parameters determined under steady-state condition are close to the results from the transient
state tests. Slight differences may be due to measurement errors.

7.3 Hysteresis

As introduced in Chapter 2 a number of model equations have been proposed for the soil-
water characteristic curve. When dealing with unsaturated soils, it is essential to take the
phenomena of hysteresis into account. Because for a certain suction value the volumetric
water content (water content or saturation) during drainage is not equal to the water content
during imbibition. Thus involving non-unique unsaturated hydraulic conductivity, stiffness
or shear strength for a certain suction value among drainage and imbibition path.

In the following several hysteresis models are used for determination of soil-water char-
acteristic curve. Advantages and disadvantages are discussed. Finally in Chapter 8 a newly
developed soil-water characteristic curve model is introduced, that accounts for hysteresis in
soil-water characteristic curve and scanning curves.

7.3.1 Hysteretic Soil-Water Characteristic Curve Model by Zou (2003,
2004)

Hysteresis model by Zou (2003, 2004) was used for fitting experimental saturation-suction
results including one scanning drainage and imbibition loop derived from modified pressure
plate apparatus for a loose specimen (see Fig. 6.3). The model proposed by Zou defines the
relationship between saturation and suction (see Equations in Appendix A). The best fit of the
experimental results is given in Fig. 7.10, where the experimental as well as calculated results
are plotted. Due to the complexity of the model the best fit was found by using an inverse
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analysis, where experimental and calculated results were compared with an optimization
routine (VARO2PT) developed by Zimmerer & Lobers (2005). In a first step the parameters
are set by conventional means followed by a first simulation. Based on the estimated parameter
set the difference between experimental and calculated results are determined. Then the
objective function of the optimization routine is modified until the difference between the
experimental and calculated results is minimized, which indicates the best fit (Zimmerer &
Schanz 2006).

Good agreement between the experimental and the theoretically calculated results was
found for the scanning drainage and scanning imbibition curves within the drainage-imbibition
loop. During imbibition process the experimental results are close to the calculated results.
Poor fit was found for the drainage curve, where nearly all experimental results are signif-
icantly underestimated by the model. Only at low and high suction values the calculated
values converge to the experimental results. Particularly in the zone of the air-entry value,
the unsaturated zone and the zone of residual suction the experimental results are underesti-
mated. The calculated results are not in good agreement to the experimental result. It seems
the model does not take into account the suction value, where water enters the pores and
thus the pores start to drain.

Nevertheless the advantage of the model is, that with soil mechanical and geometrical
parameters only, it enables the estimation of the hysteretic soil-water characteristic curve
based on physical understanding. Disadvantages of the proposed model are the large number
of parameters in the model, that are used for the estimation. Among parameters as maximum
as well as minimum void ratio, emin,max, or the surface tension of the capillary water, T , at
all a set of additional 7 parameters has to be optimized for the determination of the relation
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Figure 7.10: Experimental results of drainage and imbibition curve for loose specimen includ-
ing best fit derived from Zou’s model (2003, 2004)
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between saturations and suction. These parameters are difficult to measure or they are not
measurable at all (e.g. form parameter, ξ, material parameter, ζ, frustum number, ηf0).

7.3.2 Hysteretic Soil-Water Characteristic Curve Model by Feng & Fred-
lund (1999), Pham (2003)

Experimental results of water content and suction values from loose Hostun sand specimen
carried out in the modified pressure plate apparatus were used for curve fit with Feng and
Fredlund’s (1999) model including the modifications proposed by Pham et al. (2003) (see
Eqs. 2.13 to 2.15). Experimental results and calculated results are presented in Fig. 7.11
and the parameters derived from residual analysis are given in Tab. 7.2. The model fits
the drainage curve well in the saturated zone and unsaturated zone, but differences between
calculation and experimental results can be observed in the residual zone. The imbibition
curve shows, that the calculated results are steeper than the experimental results. In the lower
part of the water content-suction relationship the experimental results are underestimated and
in the upper part the experimental results are overestimated by the calculated results.

Advantage of the model is, that the main drainage curve and only two measurements along
the main imbibition curve are necessary to predict the entire range of the main drainage-
imbibition loop. But using only two measurements points from the imbibition curve gives
not the best agreement for Hostun sand between measured and calculated results. Scanning
curves are not considered in the model.
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ing best fit derived from Pham’s model (2003)
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Table 7.2: Constitutive parameters calibrated using the SWCC model by Pham et al. (2003)

Parameter

wu(%) 33.22
c(%) 1.24

bd/bw 64.57/0.83
dd/dw 6.29/3.27

7.4 Unsaturated Hydraulic Conductivity

For indirect calculation of unsaturated hydraulic conductivity statistical models (Eq. 2.20
to 2.22) introduced in Chapter 2 were used. As explained in detail in Chapter 2 the saturated
conductivity, a best fitted soil-water characteristic curve (in this case the best fit from Fredlund
& Xings (1994) model) as well as a statistical model are needed for indirect determination.
Direct the unsaturated hydraulic conductivity was derived from tensiometer and TDR sensor
measurements observed in the transient state sand column test I. However, the comparison
of the measured soil-water characteristic curves showed, that significant influences to their
shape is related to density and also flow path, but not to the flow condition (steady state
test, transient state test). Therefore exemplary drainage and imbibition results derived from
steady state modified pressure plate apparatus and transient state sand column tests I were
used for calculation of unsaturated hydraulic conductivity. Whereas the results from the
modified pressure plate apparatus were used for indirect method (statistical model) only, the
measurements observed from the sand column test I were used additionally for direct method
(instantaneous profile method).

Figure 7.12 gives the results of the unsaturated hydraulic conductivity functions for loose
and dense sand specimens derived from modified pressure plate apparatus. In the saturated
zone the hydraulic conductivity is only decreasing slightly till reaching the air-entry value.
After reaching the air-entry value (the point where air starts to enter the largest pores), the
unsaturated hydraulic conductivity decreases rapidly because the amount of water is dra-
matically decreasing due to the large and uniform pores of the Hostun sand. With increasing
suction the flow path where water can flow becomes more tortuous and as a result the unsatu-
rated hydraulic conductivity decreases. When reaching the residual zone where discontinuous
water phase is present only as a thin layer on the sand grains, the unsaturated hydraulic con-
ductivity tends to extremely low values and the remaining pore water is transported through
vapor phase. Similar to the drainage path, along the imbibition path no relevant change in the
unsaturated hydraulic conductivity could be observed in the residual zone. After reaching the
water-entry value (the point where water starts to enter the smallest pores of the sand sam-
ple) during imbibition path, the unsaturated hydraulic conductivity increases along a narrow
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Figure 7.12: Unsaturated hydraulic conductivity from modified pressure plate apparatus
(steady state test) determined by using statistical models (loose and dense specimen)

range of suctions up to the saturated zone. Drainage and imbibition hydraulic conductivity
curves show the phenomenon of hysteresis.

The unsaturated hydraulic conductivity function was first estimated indirectly by using
the best-fitted soil-water characteristic curve and the statistical models from sand column
tests I. Figure 7.13 shows the results from the loose specimen and the dense specimen. Sim-
ilar to the results achieved from modified pressure plate apparatus for both specimens the
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Figure 7.13: Unsaturated hydraulic conductivity from sand column test I (transient state
test) determined by using statistical models (loose and dense specimen)

hydraulic conductivity is not changing in the saturated zone. When reaching the air-entry
value the unsaturated hydraulic conductivity decreases drastically. In the residual zone, the
unsaturated hydraulic conductivity approaches a zero value. No significant changes in the un-
saturated hydraulic conductivity were observed in the residual zone along the drainage as well
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as imbibition path. The imbibition curves start with an unsaturated hydraulic conductivity
close to a zero value. With a decrease in the suction, the unsaturated hydraulic conductivity
increases. The unsaturated hydraulic conductivity function increases first for the layers at
the bottom of the (loose and dense) sand specimens where the voids are faster filled with
water. In comparison to statistical models by Mualem (1976) and Fredlund et al. (1994),
the scanning imbibition hydraulic conductivity curves derived using Childs and Collis George
(1953) model begin at significant larger hydraulic conductivity values.

In a second analysis (i.e. the instantaneous profile method) the profiles of hydraulic head
gradient and water content are used to calculate the unsaturated hydraulic conductivity func-
tion directly for the drainage process. Figure 7.14 shows the unsaturated hydraulic conduc-
tivity for loose and dense specimens (1st drainage curve with a flow rate of 30 ml/min and
2nd drainage curve with a flow rate of 100 ml/min) calculated from both the instantaneous
profile method (i.e. direct method) and the statistical models (i.e. indirect method). The
instantaneous profile method is assuming that the water phase is continuous. The method is
applicable in the saturated zone and in the unsaturated zone where water transport occurs
in the wetting phase. The instantaneous profile method should not be applied in the residual
zone, where water is believed to be exclusively transported in the vapor phase (non continuous
water phase). The instantaneous profile method for the loose specimens shows unsaturated
hydraulic conductivities in a range of approximately 0.3 × 10−4 to 0.007 × 10−4 m/s for a
suction of 1.6 to 2.0 kPa respectively. For the dense specimen the hydraulic conductivities
are in the range of approximately 0.4 × 10−4 to 0.005 × 10−4 m/s for suctions ranging from
1.7 to 2.2 kPa respectively. Similar to the results calculated when using the indirect method,
the unsaturated hydraulic conductivity is decreasing rapidly along a narrow range of suctions.
Results derived using statistical model by Mualem (1976) and Fredlund et al. (1994) are close
to the results derived from direct method.

Unsaturated hydraulic conductivity functions resulting from modified pressure plate appa-
ratus (steady state tests) and sand column I (transient state tests) are compared in Fig. 7.15
for loose specimen and in Fig. 7.16 for dense specimen. The results are given for the indirect
as well as for the direct approach. The soil-water characteristic curve is strongly related to the
unsaturated hydraulic conductivity function and therefore their behavior is similar (including
the effect of hysteresis). The unsaturated hydraulic conductivity functions are close to each
other during the drainage path. The unsaturated hydraulic conductivity functions along the
scanning pathes are located within the main drainage and imbibition loop. This behavior is
consistent with drainage and imbibition soil-water characteristic curves.

The following observations are made with regard to the effect of void ratio on the unsat-
urated hydraulic conductivity function. For low suction values the hydraulic conductivity for
the loose specimen is higher due to the larger cross-sectional area available for water flow.
When reaching the air-entry value, the unsaturated hydraulic conductivity for the loose speci-
men becomes less than the one for the dense specimen. The larger pores of the loose specimen
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easily desaturate in this range whereas the smaller pores of the dense specimen are still avail-
able to conduct water. With an increase in suction, the unsaturated hydraulic conductivity
decreases rapidly along a narrow range of suctions which is reflected in the interconnected
and uniform pores. During the imbibition process the unsaturated hydraulic conductivity
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Figure 7.14: Comparison of the unsaturated hydraulic conductivity resulting from 1st drainage
curve (flow rate 30ml/min) and 2nd drainage curve (flow rate 100ml/min) from sand column
test I (transient state test) derived from statistical models and instantaneous profile method
(loose specimen)
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first increases for the dense specimen. The smaller voids more easily absorb the water. Again
the unsaturated hydraulic conductivity function for the dense specimen is located above the
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one for the loose specimen. When saturated condition is reached, the unsaturated hydraulic
conductivity for the loose specimen becomes larger.

Exemplary main drainage and imbibition curves derived from steady state tests in modified
pressure plate apparatus for unsaturated hydraulic conductivity are plotted versus volumetric
water content k(θ) in Fig. 7.17. Even at saturated conditions (S=1, S=0) the hydraulic con-
ductivity is equal, the results show slight hysteresis between the drainage and the imbibition
curve. This could be due to the fact, that during drainage curve water is different distributed
in the pores than during imbibition curve. Differences may also occur from the best fitted
soil-water characteristic curve and the applied statistical model (see also different shape of
unsaturated hydraulic conductivity functions derived using several statistical model given in
Fig.7.14).

The results of unsaturated hydraulic conductivity function for both loose and dense spec-
imens achieved from modified pressure plate apparatus (steady state test) and also sand
column tests I (transient state test) show significant hysteresis behavior during drainage and
imbibition process. The derived unsaturated hydraulic conductivity functions from sand col-
umn tests I (transient state tests) for the drainage procedure are in good agreement with the
results derived from the modified pressure plate apparatus (steady state test). As expected
the unsaturated hydraulic conductivity functions for drainage path from both steady state
and transient state test results and the unsaturated hydraulic conductivity functions for imbi-
bition path from steady state tests enclose the imbibition scanning curves from the transient
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state tests. In the unsaturated hydraulic conductivity versus volumetric water content curve
slight hysteresis was found for loose and dense specimens in the intermediate range.

7.5 Volumetric Behavior

To investigate the influence of suction on mechanical behavior of Hostun sand the stiffness
modulus, the compression as well as swelling index, the collapse potential and the preconsol-
idation pressure are determined from the experimental results.

7.5.1 Stiffness Modulus, Compression and Swelling Index

Test results from one dimensional compression rebound tests were presented in Figs. 6.15
and 6.16, where the applied vertical net stress is plotted versus volumetric strain and void
ratio for loose and dense specimen. 3D plots of the oedometer results for loose and dense
sand specimen are added in this section in Fig. 7.18. As already mentioned in Chapter 6 from
Figs. 6.15, 6.16 and Fig. 7.18 one can see that as anticipated the stiffness for dense specimen
is higher then for loose specimen.

The stiffness increases with matric suction from ψ = 1.5 kPa, 3.0 kPa and 20.0 kPa for
the tests carried out for dense specimen. Lowest stiffness results from the test with a matric
suction of ψ = 50.0 kPa, for the dry and the saturated specimen. Similarly to the dense
specimens for the loose one the lowest stiffness was calculated for the specimen with matric
suction ψ = 50.0 kPa, for the dry and the saturated specimen. With increase in matric suction
from ψ = 1.5 kPa to 20.0 kPa the stiffness is slightly increasing. Comparison of the results
from the unloading path of all tests one can state that, there is a similar behavior for all the
specimens.
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Figure 7.18: 3D plots of oedometer test results for dense (left) and loose (right) specimen
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Table 7.3: Results for stiffness modulus in MPa for dense and loose specimen

Condition of S=1.0 ψ = 1.5 ψ = 3.0 ψ = 20.0 ψ = 50.0 dry
specimen (-) kPa kPa kPa kPa (-)

loose

Eoed, σ = 100 23.4 25.8 24.7 25.7 23.9 15.1
Eoed, σ = 12 4.9 7.0 6.5 7.1 5.2 6.8
Eur, σ = 100 124.4 158.1 149.0 130.2 145.5 102.9
Eur, σ = 12 13.6 15.1 14.2 15.9 16.7 7.6

dense

Eoed, σ = 100 24.4 30.5 29.3 36.1 28.1 21.5
Eoed, σ = 12 6.0 6.5 7.9 7.6 5.4 10.4
Eur, σ = 100 150.0 131.3 255.5 141.4 168.2 174.0
Eur, σ = 12 9.5 13.6 9.7 14.8 15.1 8.3

To investigate in detail the influence of suction on the stiffness behavior of sand the
compression index Cc and the swelling index Cs were estimated. The results are given in
Fig 7.19. The compression index decreases first for suction less then about 20 kPa, that is
equal to an increase in stiffness, and increases again for higher suction values, that is equal to
a decrease in stiffness. As expected compression index of the dense specimen is less then the
compression index of the loose one, which indicates a higher stiffness. No significant influence
of the suction on the swelling index can be observed.
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Figure 7.20: Calculated parameter m̂ and stiffness modulus for dry specimens with different
void ratios

The results of the stiffness moduli, that were derived from the experimental results are
given in Tab. 7.3. This table summarizes stress dependent stiffness moduli, that were es-
timated for a low vertical net stress (σ = 12 kPa) as well as a high vertical net stress
(σ = 100 kPa) to see the development of this value. For all calculations a reference stress of
σref = 100 kPa was used. For the stiffness modulus Eoed an increase with increasing suction
(up to 20 kPa) is observed for σ = 12 kPa and σ = 100 kPa. With further increase in suction
the stiffness modulus is decreasing again. For the parameter m̂, values between m̂ = 0.62 to
0.81 for dense and m̂ = 0.58 to 0.76 for loose specimens were derived during loading path. For
the un-/reloading path constant m̂ = 0.97 for dense specimen and m̂ = 0.93 for loose spec-
imen was calculated. In Fig. 7.20 parameters m̂ calculated from oedometer test results are
given for dry specimens and compared to results derived by Schanz (1998) for Hostun sand.
According to m̂ the author found stiffness moduli of Eoed = 17.000 kPa (loose specimen) and
Eoed = 35.000 kPa (dense specimen) for vertical net stress σref = 100 kPa. As can be seen
in Fig. 7.20 the results of parameter m̂ and the stiffness modulus from the present study fit
well to the results given in literature.
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For description of one dimensional unloading and reloading test results of cohesive soils
the stress dependent stiffness is calculated by using the following equation, that also was
proposed by Schanz (1998). This equation is similar to Eq. 2.24:

Eur = Eref
ur

(
σ + c · cotφ

σref + c · cotφ

)m̂

(7.1)

where: Eur is the stress dependent stiffness modulus for un-/reloading path, Eref
ur is the

normalized stiffness modulus, σref is the reference stress, σ the vertical net stress and m̂

a parameter. In this equation additionally the cohesion c and the influence of the friction
angle φ are considered. In the present investigation it is suggested to replace in Eq. 7.1 the
cohesion by the suction value ψ to take into account its influence on the stiffness behavior of
unsaturated sand. The equation for determination of stress dependent stiffness modulus for
initial loading Eoed becomes to:

Eoed = Eref
oed

(
σ + ψ · cotφ

σref + ψ · cotφ

)m̂

(7.2)

where: ψ is the suction in the investigated sand. Experimental results performed under
constant suction and appropriate results using Eq. 7.2 are given in Fig. 7.21 for loose as well
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Figure 7.22: Comparison of experimental results and predicted results (dense specimen)

as in Fig. 7.22 for dense Hostun sand specimens. From the comparison can be concluded that
the simple approach of replacing the cohesion c with the suction ψ leads to good results. It
seems the model fits good to the experimental results for the loose specimen, but not so good
for the dense specimen. The fit was found to be not so good for the specimens with high
applied suction values (here ψ = 50 kPa).

7.5.2 Collapse Potential

Results of oedometer tests for estimation of collapse potential are presented for loose samples
in Fig. 7.23 for Method 1 (results for Method 2 are given in Fig. C.1 in Appendix C). All dia-
grams show, that the collapse potential of Hostun Sand is very small. Results from Method 1
show differences in void ratio of ∆e = 0.0031 for saturation at σ = 5 kPa, ∆e = 0.0020
for saturation at σ = 12 kPa and difference in void ratio of ∆e = 0.0020 for saturation at
σ = 25 kPa. Results from Method 2 show differences in void ratio of ∆e = 0.0015 for satura-
tion at σ = 5 kPa, ∆e = 0.0022 for saturation at σ = 12 kPa and difference in void ratio of
∆e = 0.0009 for saturation at σ = 25 kPa. Using Eq. 2.26 collapse potentials between 0.08%
and 0.17% were calculated that is negligible small. Reason for that are the equal grains (it



7.5. VOLUMETRIC BEHAVIOR 165

0.860

0.865

0.870

0.875
0.880

0.885

0.890

0.895

0.900

1 10 100

Spannung [kPa]

Vo
id 

rat
io 

(-) ∆e= 0.0031ψ=5 kPaCc=0.0094 Cc=0.0104

0.865

0.870

0.875

0.880

0.885

0.890

0.895

0.900

1 10 100

Vertical net stress (kPa)

Vo
id 

rat
io 

(-)

∆e= 0.0020ψ=5 kPa S=1.00Cc=0.0091 Cc=0.0105

0.860

0.865
0.870

0.875
0.880

0.885

0.890
0.895

0.900

1 10 100
Vertical net stres (kPa)

Vo
id 

rat
io 

(-)

∆e= 0.0020
ψ=5 kPa S=1.00

Cc=0.0116 Cc=0.0200

S=1.00

Figure 7.23: Experimental results of collapse potential test including results of compression
index- Method 1 (loose specimen)



166
CHAPTER 7. ANALYSIS AND INTERPRETATION OF THE EXPERIMENTAL

RESULTS

is a poorly graded sand) of the Hostun sand, where only few smaller particles tend to fill the
existing pores of the soil.

Comparing the compression index for loading path before and after saturation one can
find that stiffness of the sand decreases with saturation process (see also Schanz et al. 2002).
The compression index is with Cc = 0.0074 to 0.0131 for the first loading path (ψ = 5.0
kPa, w = 0.03 respectively) smaller in comparison with Cc = 0.0104 to 0.0200 for the second
loading path (S = 1.00) and indicates a higher stiffness for the unsaturated specimen (see
Fig. 7.23 and in Appendix C in Fig. C.1 as well as Tab. 7.4 and 7.5). Also the stiffness
moduli were calculated for these results using Eq. 2.24. The stiffness was determined for
the results before saturation process as well as after saturation process at vertical net stress
σ = 5, 12 and 25 kPa using a reference stress σref = 100 kPa. The results are compared in
Tab. 7.4 and 7.5. For all results and for both method it is shown, that the stiffness is larger
before saturating the sand specimen. At unsaturated condition the stiffness is higher. This
conclusion is consistent with the outcome of the one-dimensional compression tests analyzed
in the previous section.

7.5.3 Influence of Stress History on Mechanical Behavior

The influence of stress history (i.e. in this study the applied suction) was graphically estimated
using the methods proposed by Casagrande (1936) and Janbu (1969). In general the shape of
the curves do not show an influence of stress history. Although it was tried to determine an
influence of suction on the stress history. These results are given in Fig. 7.24 (left), where the

Table 7.4: Results for stiffness modulus in MPa for loose specimen collapse potential tests -
Method 1

σ = 5 σ = 5 σ = 12 σ = 12 σ = 25 σ = 25
ψ = 5 kPa S = 1 ψ = 5 kPa S = 1 ψ = 5 kPa S = 1

Eoed 1.09 1.01 − − − −
Eoed − − 4.5 4.3 − −
Eoed − − − − 6.2 4.8

Table 7.5: Results for stiffness modulus in MPa for loose specimen collapse potential tests -
Method 2

σ = 5 σ = 5 σ = 12 σ = 12 σ = 25 σ = 25
w = 0.03 S = 1 w = 0.03 S = 1 w = 0.03 S = 1

Eoed 2.6 1.7 − − − −
Eoed − − 4.3 3.8 − −
Eoed − − − − 5.2 4.9
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Figure 7.24: Prediction of yield stress using Casagrande’s (left) and Janbu’s (right) method
(loose specimen)
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Table 7.6: Yield stress for loose and dense specimen derived from Casagrande (1936)

ψ = 1.5 kPa ψ = 3.0 kPa ψ = 20.0 kPa ψ = 50.0 kPa

Loose 20 kPa 20 kPa 20 kPa 30 kPa
Dense 30 kPa 30 kPa 30 kPa 30 kPa

compression curves of loose specimen under applied constant suction are given. It was assumed
to find an influence of the applied suction on the compression behavior (assumption: ψ = σ̃0).
But yield stress of approximately σ̃0 = 20 kPa for loose and approximately σ̃0 = 30 kPa for
dense was found, which indicates that the applied suctions from ψ = 1.5 to ψ = 50 kPa do
not influence the compression behavior (see also summary in Tab. 7.6). There is also the
possibility to use Janbu’s method (1969), where the tangent modulus M is plotted versus the
vertical stress σ. A drop in the shape of the curve identifies an influence of stress history on
the mechanical behavior of the soil. As can be seen in Fig 7.24 (right) no drop and thus no
breakdown in the structural resistance occurs. Also for the dense specimen it was observed,
that applied suction does not influences the stress history. Results of the dense specimen are
shown in Fig. D.1 in Appendix D.

7.6 Summary

Based on the experimental results given in Chapter 6 relationship between suction and volu-
metric water content or saturation during initial drainage, main drainage and imbibition and
scanning drainage and imbibition were derived using models proposed by several authors. The
curve fit parameters are determined. The suction-water content models fit the experimental
data well for drainage or imbibition process. But when using models dealing with hysteresis
and also scanning drainage/ imbibition phenomena the experimental results are not in good
agreement with the calculated results for several zones along the suction-water content curve.
Also some models use to much parameters to identify this relationship or are rather complex
in their application to experimental results. The interpretation of the results shows that the
void ration and the loading path direction influence the shape of the soil-water characteristic
curve. With decreasing void ratio the curves are shifting to higher range of suction values.
Depending on the loading path direction for a certain suction value the water content is larger
(drainage) or less (imbibition). This phenomenon is known as hysteresis. There are no sig-
nificant differences found between curves carried out under steady state and transient state
flow condition.

Several statistical models in combination with the soil-water characteristic curve are used
for prediction of unsaturated hydraulic conductivity function. The results from direct deter-
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mination of unsaturated hydraulic conductivity are close to the results estimated by Mualem
(1976) and Fredlund et al. (1994).

The relations between vertical net stress and void ratio as well as vertical strain and
void ratio are analyzed using the concept of stress dependent stiffness. Stiffness modulus
is calculated and the results show an increase of stiffness with increasing suction. After
reaching an optimum value an decrease of stiffness during loading occurs. When unloading
the specimen the stiffness is similar for the tests performed under several constant suction
value. It can be concluded, that the stiffness of Hostun sand is influenced by the matric
suction and the water content (volumetric water content, saturation) respectively during
loading procedure. The collapse potential for loose specimen at several net stresses was found
to be small. The suction induced to the sand specimen does not act as preconsolidation
pressure.
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Chapter 8

New SWCC Model for Sand
including Scanning Curves

8.1 General

As a result of the present analysis 2D models for the soil-water characteristic curve are pro-
posed (Stoimenova et al. 2003b, 2005, 2006). The first model describes only the drainage
process in the investigated sand. The second model incorporates the hysteretic nature of the
relationship between volumetric water content θ and suction ψ including scanning imbibition
curves. The models are based on non-linear least squares estimation of the data derived from
experiments. Basic knowledge and theory for process modeling was given in Chapter 3.

For model building the available data of the transient state column tests I are used
(drainage and imbibition results). The data contain measurements of the volumetric wa-
ter content θ and the suction ψ at five different levels within the sand column. In this case,
the suction ψ and the initial imbibition suction s0 are used to obtain better estimates of
soil properties, such as soil-water characteristic curve. Incorporating this available informa-
tion about the suction-water content relation, a model is constructed that can be applied for
prediction of the volumetric water content (saturation, gravimetric water content) for any
position along the column. The uncertainty related to different measurement errors of TDR’s
is combined and used for estimating a global prediction error. The estimated error of the
model is valid in entire interval of suction-values and for arbitrary depth level. The variable
s0 represents the suction measured in the corresponding depth and gives the initial suction
distribution before each of the hydraulic loading test phases (imbibition process). Due to this
the proposed 2D regression models acquire the advantage that they: i) can be applied for
prediction of θ for any position along the column and thus any suction in the soil ii) give
the functional form for the scanning curves. The experimental results are an effort to access
based on statistical analysis the hysteretic form of the soil-water characteristic curve and to
model scanning curves applying 2D statistical model.

171



172CHAPTER 8. NEW SWCC MODEL FOR SAND INCLUDING SCANNING CURVES

8.2 Soil-Water Characteristic Curve Model

Following the steps of model building given in detail in Chapter 3 a soil-water characteristic
curve model, that considers imbibition scanning curves is built.

Based on the experimental results (several drainage processes) derived in the transient
state column tests I the model is constructed. To provide a single model for all drainage
processes, observed experimental data from initial drainage, 1st drainage and 2nd drainage
process from loose specimen (all results derived from dense specimen are given in Appendix E
in Figs E.1 to E.9) are considered. The experimental results were already presented in Chap-
ter 6 but are once more given in Fig 8.1, where the volumetric water content is plotted
versus suction. Whereas usually the axis of suction is plotted in logarithmic form here the
non-logarithmic form is used, to observe the true shape of the suction-water content curves
measured in the several depths along the column. From the experimental procedure it is
known, that the sensor pair in the upper part (TDR/T 450) of the column remains through-
out the whole experiment in the saturated zone. Thus these measurements are excluded from
the model building. It is also important to repeat, that no significant influence of applied flow
rate was observed and hence a dynamic effect does not be taken into account when choosing
an appropriate model.

When selecting a model a plot of the experimental data, process knowledge and process
assumptions about the process are used for its suggestion. Plots of the soil-water charac-
teristic curve are given in Fig. 8.1 for Hostun sand. As already mentioned before the main
features of the suction water content relationship are the saturated volumetric water content,
the air-entry value as well as the residual suction. Following the shape of the curves it is
assumed that the volumetric water content is equal to the saturated volumetric water content
before reaching the air-entry value. When passing this point the volumetric water content
is decreasing (less steep for clay and most steep for sand). After the residual suction the
curve is slanted. The curve show that a non-linear function is needed for the prediction. It is
suggested that an exponential function might be appropriate for a model function.

In Fig. 8.2 (see Fig. E.2 in Appendix E results of transformation derived from dense data)
exemplary results of transformation procedure are given for initial drainage, 1st drainage as
well as 2nd drainage results for loose specimen derived from the transient sand column test I
(see Fig. 8.1). Based on these plots it is decided to fit the model with double logarithm in
the response variable ln ln(θ) and with logarithm in the predictor variable ln(ψ), that give
the best linear transformation:

ln ln(θ) = β0 + β1 ln ln(ψ) (8.1)

where: θ is the volumetric water content, ψ is the suction as well as β0 and β1 are parameters.
The linear model given in Eq. 8.1 is proposed to relate the volumetric water content to the
suction. Because drainage and imbibition processes are similar in shape, it is assumed that



8.2. SOIL-WATER CHARACTERISTIC CURVE MODEL 173

010
2030
4050

0 1 2 3 4 5
Suction (kPa)

Vo
lum

etr
ic w

ate
r c

on
ten

t (%
)

TDR/T 70 mmTDR/T 160 mmTDR/T 260 mmTDR/T 360 mmTDR/T 450 mm
Transient state column test ILoose specimenInitial void ratio = 0.89Initial drainageFlow rate ≈ 30 ml/min

010
2030
4050

0 1 2 3 4 5
Suction (kPa)

Vo
lum

etr
ic w

ate
r c

on
ten

t (%
)

0

10

20

30

40

50

0 1 2 3 4 5
Suction (kPa)

Vo
lum

etr
ic w

ate
r c

on
ten

t (%
) 2nd drainageFlow rate ≈ 100 ml/min

1st drainageFlow rate ≈ 30 ml/min

Figure 8.1: Experimental data (initial drainage, 1st drainage, 2nd drainage) from drainage
transient state column tests used for model building (loose specimen)

this equation also can be used for fitting of imbibition suction-water content relation. Based
on the appropriate transformation found in the previous step finally the corresponding non-
linear model is proposed:

θ(ψ) = β0 + β3 exp(−ψβ1

β2
) (8.2)
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where: the parameter β0 is the maximum volumetric water content, that is commonly the
saturated volumetric water content θs and β3 is related to the minimum volumetric water
content, that is commonly the residual volumetric water content θr with θr = β0+β3 and β1, β2

are parameters. The new soil-water characteristic curve model was tested on experimental
results measured in several depth in the transient sand column test (drainage process). The
outcomes of the curve fits using the proposed model are given in Fig. 8.3 for loose specimen (see
also Fig. E.3 in Appendix E for curve fits of experimental results from dense specimen). The

Table 8.1: Constitutive parameters for the new SWCC model (calibrated against drainage
data)

Experimental results β0 β1 β2 β3 R2

Loose specimen, drainage process

TDR/T 70 mm 39.00 −6.57 0.0146 −33.118 0.999
TDR/T 160 mm 38.66 −5.69 0.0316 −33.106 0.999

Dense specimen, drainage process

TDR/T 260 mm 36.72 −8.07 0.0015 −28.592 0.999
TDR/T 360 mm 34.21 −9.32 0.0003 −23.621 0.992
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Figure 8.3: Experimental drainage results from several depth and new SWCC model best fit
(loose specimen, transient state sand column test)

corresponding parameters and the linear regression coefficient R2 are given in Tab. 8.1. From
the first view it seems that the proposed model fits the experimental results well. However,
later on the model validation procedure is used wether or not the model is suitable to fit the
suction-water content data.

Now it is tried to extend the proposed model in this way, that it also could be used for
scanning imbibition curve fit. It is focused on a model that describes with a single set of
parameters several scanning imbibition curves. The fact that the suction-volumetric water
content profiles of θ versus ψ (respectively the profiles of saturation S versus suction ψ) vary
with depth, that leads to different initial imbibition suction s0, confirms that any functional
description of the process will need to include the variable s0. Further insight into the ap-
propriate function to use can be obtained by separately modeling each cross-section of the
experimental data using the proposed model and then relating the individual models to one
another. Examining plots of the estimated parameters versus s0 roughly indicates how the
suction measurement should be incorporated into the model of the data. Regression curves to
the cross-sections data for the 1st imbibition as well as the 2nd imbibition process at several
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Figure 8.4: Experimental imbibition results (1st imbibition, 2nd imbibition) and new SWCC
model best fit (loose specimen, transient state sand column test)

depth are given in Fig. 8.4 for loose specimen (see also Fig. E.4 in Appenidx). The tensiometer
and TDR sensor measurements observed for loose specimen during 1st imbibition in a depth
of 70 mm (TDR/T70 mm) were excluded from the examination, because they show untypical
behavior (measurements are therefore given in grey color in Fig. 8.4). The individual expo-
nential fits to each cross-section of the data reveal the influence of initial imbibition suction
s0. An exemplary comparison of the parameters is given in Tab. 8.2 for the 2nd imbibition
process of the loose specimen. It is shown that three of the estimated parameters are not
sufficiently different for different depth:

- Parameter β0 that is equal to the saturated volumetric water content and that should be
equal under saturated condition in each depth. The saturated volumetric water content
is approximately θs = 38.5% that is similar to β0.

- Parameter β1 that influences the slope of the curve and is in all depth approximately
β1 = −5.
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Table 8.2: Constitutive parameters for the new SWCC model (calibrated against imbibition
data)

Experimental results β0 β1 β2 β3 s0

Loose specimen, 2nd imbibition process

TDR/T 70 mm 38.86 −5.91 0.50 −33.12 3.49
TDR/T 160 mm 38.56 −4.63 0.92 −32.62 3.11
TDR/T 260 mm 38.28 −5.05 0.50 −30.42 2.81
TDR/T 360 mm 38.55 −4.37 0.42 −20.92 1.92

- Parameter β2 that also influences the slope of the curve and is in all depth approximately
β2 = 0.5.

An influence according to the initial imbibition suction s0 was found for the scaling param-
eter β3 that influences the minimum volumetric water content θmin. With increasing initial
imbibition suction s0 the parameter β3 is decreasing. Further, it is now tried to replace β3

with a term expression depending on s0, which incorporates the variation of this parameter
for different layers. Simple linear term of s0 instead a constant β3 showed the best fit over
the trial models. The resulting hysteresis model is:

θ(ψ) = β0 + (β1
3 + β2

3 · s0) exp(−ψβ1

β2
) (8.3)

where: s0 is the initial imbibition suction measurement that has been recorded using ten-
siometer sensor. Results of the proposed hysteresis model curve fit for both the 1st and 2nd

imbibition process are show in Fig. 8.5 for the loose specimen (and in Fig. E.5 for curve fit of
dense specimen in Appendix E). In the 3D plots the initial imbibition suction s0 is introduced
as 3rd dimension on the z-axis. Similar to the curve fit results from the drainage process the
calculated results seem to be in good agreement to the experimental results for loose specimen
(1st imbibition and 2nd imbibition process). The identified parameters and the coefficient of
linear regression R2 are summarized in Tab. 8.3. For drainage as well as imbibition curve
fitting procedure the Levenberg-Marquardt algorithm was used, that is an improvement of
the classical Gauss-Newton method for solving non-linear least-square regression problems.

The plots given in Figs. 8.6 to 8.9 derived from regression analysis of loose specimen
are used to appreciate wether or not the model fits the experimental data well (see also the
results derived from regression analysis of dense specimen in Figs E.6 to E.9 in Appendix E).
Both statistical techniques, coefficient of regression determination and residual analysis were
used to validate the model and to see the adequacy of different aspects of the model. The
statistical results from model validation are shown in Figs. 8.6 and 8.7 for the model fit
of several drainage suction-water content measurements for loose specimens. The model
validation results of the statistical analysis derived from the 1st as well as 2nd imbibition
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Figure 8.5: Experimental imbibition results (1st imbibition, 2nd imbibition) and new hysteresis
SWCC model best fit (loose specimen, transient state sand column test)

Table 8.3: Constitutive parameters for the new hysteresis SWCC model (calibrated)

Experimental results b0 b1 b2 b31 b32 R2

Loose specimen

1st imbibition 38.87 −4.69 1.04 0.90 −11.14 0.997
2nd imbibition 38.11 −4.96 0.60 −7.16 −7.67 0.992

Dense specimen

1st imbibition 35.21 −4.63 0.28 −3.98 −6.59 0.998
2nd imbibition 35.12 −3.99 0.27 −8.09 −5.49 0.998
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processes are shown in Figs. 8.8 and 8.9 for loose specimen. These figures depict the outcome
from the residual analysis for the three test phases used in building the 2D models. The plots
of observed versus residual values, observed versus predicted values are shown as well as the
normal probability plots and histograms.

- Plots of residual versus predicted variables and observed versus predicted variables:

Plots of residual versus predicted variables and observed versus predicted variables are
given in Fig. 8.6 and 8.7 for drainage process (appropriate results from dense specimen
are given in Figs. E.6 and E.7 in Appendix E). The points in the plots of the observed
versus predicted values are close to the bisection line that indicates a small error in
observed and predicted values. The plots of the residuals versus predicted values do not
exhibit any systematic structure and thus indicate that the model fits the experimental
data well. Even the points are crowded in the saturated zone and residual zone the
range of residuals looks essentially constant across the levels of the predicted values.
Additionally it is stated here, that some discrepancies can be observed in Fig. E.7 (see
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Figure 8.6: Model validation results from 1st drainage process (loose specimen, TDR/T70
mm)
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Figure 8.7: Model validation results from 2nd drainage process (loose specimen, TDR/T160
mm)

Appendix E) for dense specimen during drainage process that is attributed to the minor
set of data, where only few results are available in the unsaturated zone (θ < 34%) and
most data are available in the saturated zone (θ = 34%).

Plots of residual versus predicted variables and observed versus predicted variables are
given in Fig. 8.8 and 8.9 for imbibition process of loose specimen (and respectively in
Appendix E in Figs. E.8 and E.9 for dense specimen). The plots of the observed versus
predicted values from imbibition curve show slight variations between measured and
calculated values. Nevertheless the points are linear related. The scatterplots of the
residual versus predicted values are randomly distributed in Fig. 8.9. Non-randomness
is observed in Fig. 8.8. Similar to the results derived from drainage curve fit the points
are crowded in the saturated zone and in the residual zone, where most measurements
were achieved while withdrawing and injecting water.

- Normal probability plot:

The normal probability plots in Figs. 8.6 and 8.9 from both, drainage and imbibition
process, show that it is reasonable to assume that the random errors of the process are
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Figure 8.8: Model validation results from 1st imbibition process (loose specimen)

drawn from approximately normal distributions (see also Figs E.6 and E.9 Appendix E).
Also if the plots show that the relationship is not perfectly deterministic a strong linear
behavior between the residuals and the theoretical values from the standard normal
distribution is given. Since non of the points in these plots deviate much from the linear
relationship it is reasonable to conclude that there are no outliers in the experimental
results.

- Histogram:

The histograms in Figs. 8.6 to 8.9 (and Figs. E.6 to E.9 Appendix E) are bell-shaped for
drainage and imbibition process and confirm the conclusions from the normal probability
plot. Only the histogram in Fig. E.7 (see Appendix E), where few set of experimental
data are available does not give a good normal distribution (see also plot of residual
versus predicted values).

- Coefficient of non-linear regression R2:

The values of non-linear regression R2 are very close to 1 (R2 = 0.99, see also Tab. 8.1)
for the drainage process. The non-linear regression coefficient for imbibition process is
also close to 1 with a value of R2 = 0.99 (see Tab. 8.3).
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Figure 8.9: Model validation results from 2nd imbibition process (loose specimen)

Both, residual analysis and coefficient of regression determination give enough support to use
the proposed model equation for predicting drainage volumetric water content θ with sufficient
small error. For the imbibition process the residual analysis also gives enough support to
use the proposed model equation for predicting hysteresis imbibition suction-water content
relation. The non-linear regression coefficient underlines this conclusion.

For validation of the proposed models experimental data derived in the modified pressure
plate apparatus were also fitted. Experimental results of main drainage and main imbibition
curve, where Eq. 8.2 was used for prediction are presented in Fig. 8.10. The predicted curve
fits the experimental data very well. This can be stated for the saturated zone, unsaturated
zone as well as transition zone. The fits of the drainage and imbibition curves for the loose
and dense specimen each reach a coefficient of regression R2 > 0.99. Experimental results
of scanning imbibition curves including results of the main imbibition curve were best fitted
using the proposed model (Eq. 8.3) for fitting scanning imbibition curves. The derived best
fit and the corresponding experimental results are presented in Fig. 8.11. The calculated
results and the observed results are in good agreement even a single model, that is a simple
application, was used for fitting several imbibition curves. Regression coefficient of R2 = 0.993
for the loose and R2 = 0.992 for the dense experimental results was achieved. Differences
between experimental and predicted results were observed for the scanning imbibition curves
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Figure 8.10: Model validation results from main drainage and main imbibition curve derived
from steady state tests in the modified pressure plate apparatus (loose and dense specimen)
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Figure 8.11: Model validation results from scanning imbibition curves derived from steady
state tests in the modified pressure plate apparatus (loose specimen-left, dense specimen-right)

in upper part of the soil-water characteristic curve. Modifications of the proposed model may
be necessary, using the above described procedure.

8.3 Summary

Following a well understood statistical method (process modeling) new soil-water character-
istic curve models were proposed for drainage and imbibition process. The procedure was
introduced in detail in Chapter 3 and easily could be applied in this chapter for any suction-
volumetric water content (saturation, gravimetric water content) measurements derived from
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sand column tests I. In this way the obtained soil-water characteristic curve models allow to
better assess the measurement error and also provide functional form for the scanning curves.
Two models were derived: i) Model 1 (see Eq. 8.2) that can be used for drainage or imbibition
process and ii) Model 2 (see Eq. 8.3), that is an extension and incorporates hysteresis behavior
(scanning curves). Extended regression analysis and validation support the usage of the new
soil-water characteristic curve models for the investigated sand.



Chapter 9

Numerical Simulation of Column
Test by FEM

9.1 General

The investigation presented in the following chapter shows numerical simulations. Boundary
value problem is solved and compared to the experimental results. Numerical investigation
of drainage as well as imbibition processes of experiments carried out in the sand column I
under transient state condition are performed.

Two approaches are discussed, that are carried out using suction-water content parameters
directly derived from transient state test (sand column test I) and from steady state test
(modified pressure plate apparatus), that is classical method for prediction of suction-water
content parameters used for numerical investigation. The aim is to find reliable predictions on
unsaturated flow including the phenomena of hysteresis and entrapped air, which are found
to be significant for the experiments performed in the sand column test I. Therefore following
requirements to the numerical simulation are necessary:

- Simulation including hysteresis behavior.

- Simulation including scanning behavior.

- Simulation considering the phenomena of entrapped air.

The numerical simulations in this work are carried out with the multi-phase flow module
of the numerical simulator MUFTE-UG (Multiphase Flow Transport and Energy model-
Unstructured Grids). The balance equations for the two phases are solved fully coupled
using on a node-centered Finite-Volume discretization in space, the BOX-scheme (Bastian
et al. 1997, Helmig 1997, Huber & Helmig 1999). A backward-difference Euler scheme is
applied for the time discretization. The resulting non-linear system of equations is solved
with a quasi Newton-Raphson scheme, where the linear system of equations is handled with a
BiCGStab (stabilized biconjugate gradient) scheme utilizing a V-multi-grid cycle as pre- and
post-smoother.

185
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9.2 Model used for Numerical Investigation

Based on the suction-water content model developed by Parker & Lenhard (1987) numerical
investigation are carried out. The model is an empirical scaling hysteresis approach that can
produce a realistic representation of scanning curves and hysteresis loops. For prediction of
main drainage and main imbibition curve Parker & Lenhard (1987) used the suction-water
content model by van Genuchten (1980). Their concept introduces an apparent saturation in
order to account for the effect of residual trapped non-wetting phase saturation. Thus they
distinguish between the effective and the apparent wetting phase saturation. The effective
saturation S̄w is considered as the mobile part of the phase. The apparent saturation ¯̄Sw is
the sum of the effective saturation S̄w and the trapped effective saturation S̄nt of the non-
wetting phase (see Fig. 9.1). If there is non-wetting phase entrapment (S̄nr(i)), the soil-water
characteristic curve for drainage and imbibition do not form closed loops. The formation of
closed loops is possible by substitution of the effective by the apparent saturation (Fig. 9.1),
that also accounts for fluid entrapment. Consequently, hysteresis is formed by scaling the
apparent saturation. For example, saturation at point ζ that lies on an imbibition scanning
curve (see Fig. 9.1, right) can be scaled as follows:

¯̄Sw(ζ) =
¯̄S7 − ¯̄S6

¯̄S5 − ¯̄S6

· ( ¯̄S4 − ¯̄S3) + ¯̄S3. (9.1)

For simulation of flow in unsaturated porous media and considering hysteresis effect in
these simulations the model by Parker & Lenhard (1987) was implemented into MUFTE-
UG by Sheta (1999) and Papafotiou (2008).
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Figure 9.1: Hysteresis and phase entrapment properties of the soil-water characteristic curve



9.3. SETUP OF NUMERICAL SIMULATIONS 187

9.3 Setup of Numerical Simulations

For the numerical simulation, a regular rectangular FE mesh is used. The spacing of the
grid is 5 mm along the z-axis (direction of gravity). The width of the finite elements on the
x-axis is chosen such that the bottom area of the discretized model domain corresponds to the
bottom area of the cylindrical sand column described in the previous section. In the numerical
simulation, although the problem is one-dimensional, the model domain has a depth of 1.0 m.
Thus, the width of the domain in the numerical model is chosen to be 0.073062 m (see Fig.
9.2). A timestep of 4 s is chosen.

The initial and boundary conditions in the numerical simulation correspond to those of
the experiment. The primary variables are the water pressure uw and the air saturation Sn.
The specimen is initially saturated and thus the effective saturation of water in the model
domain is equal to 1.0. A hydrostatic distribution is given for the water pressure. At the top
boundary, a Dirichlet boundary condition is applied for the water and the air phase. This
boundary condition defines directly a water pressure value equal to −3400 Pa at the top of
the column. This water pressure is equal to the maximum value of matric suction measured
during the sand column test I experiment. In combination with the Dirichlet boundary value
1.0 for the air saturation, the definition of phase pressure difference (ψ = ua − uw) delivers
that the pressure of air at the top boundary is equal to zero (atmospheric condition). The
applied Dirichlet boundary condition at the top of the numerical model does not avoid water
to flow through this boundary and therefore might introduce an error in the mass balance.
To prevent any mass of water from leaving the domain through the top boundary, the wetting
phase relative permeability at the finite elements of the upper layer is explicitly set to zero.
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Figure 9.2: Domain and boundary conditions (left) and water outflow and inflow (right) in
the numerical simulation
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Table 9.1: Input parameters for the soil-water characteristic

Van Genuchten parameter Swr Snr α n

Transient state test - drainage 0.13 0.005 0.0005 8.0
Transient state test - imbibition 0.13 0.18 0.001 6.5
Steady state test - drainage 0.05 0.01 0.00055 6.0
Steady state test - imbibition 0.02 0.01 0.0015 2.8

In the experiment and also in the numerical simulations air is not allowed to reach the
bottom of the sand column and of the model domain respectively. At the bottom of the
numerical model, a Neumann no-flow boundary condition is assigned to air, that ensures that
no mass of air flows through the bottom. For the water phase, also a Neumann boundary
condition is applied. In this case, the amount of water flux in or out of the model domain
is a predefined function of time as presented in Chapter 5. The fixed flux of water phase
introduced by the Neumann boundary condition implies that at a certain time a certain mass
of water has entered the model domain. For instance, during imbibition the total mass of
water in the domain does not depend on the hysteresis model, or even on whether hysteresis is
taken into account at all, but only on the value of water influx at the bottom boundary. The
same is true for the hydraulic properties of the sand that are used as input in the numerical
simulation. Permeability, porosity and soil-water characteristic curve do not relate to the
amount of water mass in the domain, but strongly influence how this mass distributes in it.
The water mass outflow and inflow is shown in Fig. 9.2.

Two different sets of parameters for the hysteretic soil-water characteristic curve were
identified that are given in Table 9.1. First the hysteretic soil-water characteristic curve is
determined directly from the sand column test results during the transient state test. An
additional hysteretic soil-water characteristic curve is determined based on the results from
classical steady state experiment.

9.4 Comparison of Simulation Results and Experimental Re-
sults

Experimental pore-water pressure and volumetric water content versus time results and nu-
merical pore-water pressure and volumetric water content versus time results as well as ex-
perimental and numerical soil-water characteristic curves are compared.

- Comparison using soil-water characteristic curve from transient state test:

In the first numerical simulation, the soil-water characteristic curve parameters are used
as input parameters directly measured by the TDR sensors and tensiometer sensors.
Simulation results are compared to the experimental results in terms of saturation versus
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Figure 9.3: Comparison of pore-water pressure measurements and simulation including hys-
teresis model from Parker and Lenhard (1987) - transient state test

time as well as pressure versus time measurements at several depths in the column.
The simulation results including the hysteresis concept from Parker and Lenhard that
considers also entrapped air compared to the experimental results are given in Fig. 9.3
and 9.4. The comparison between the predicted and measured saturation and pressure
is illustrated for four measurement depths. The results for the measurement point near
the bottom of the column are not presented as saturated conditions are maintained there
in both the experiment and the numerical simulation. As the comparison of the results
shows, the numerical simulation provides a good prediction of the experiment both in
terms of saturation and pressure. For the entire sequence of drainage and imbibition
events, the numerical simulation predicts the starting values of saturation and pressure
for each event (that strongly relate to the amount of trapped air) as well as to variation
of pressure and saturation in time. This can also be illustrated by plotting the resulting
soil-water characteristic curves from the experiment and the simulation (see Fig 9.5).
The simulation uses a rather simple scaling hysteresis concept and therefore achieved a
good prediction of the entire flow behavior in the transient state test.
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Figure 9.4: Comparison of saturation versus time measurements and simulation including
hysteresis model from Parker and Lenhard (1987) - transient state test

- Comparison using soil-water characteristic curve from steady-state experiment:

Due to missing information on either saturation or pressure measurements it is quite
common to use suction-water content parameter set from separately performed tests.
The simulations presented above show that if the soil-water characteristic curve that is
directly measured in the transient state test is used combined with the numerical im-
plementation of the Parker and Lenhard hysteresis concept, a good agreement between
measured and predicted pressure versus time and saturation versus time relationships is
obtained. However, the traditional approach is to measure the drainage and imbibition
suction-water content curves in separate steady-state test (here modified pressure plate
apparatus) and then use this information as input for numerical simulation in order to
obtain predictions on hysteretic unsaturated flow. The classical approach is applied here
and the results are given in Fig. 9.6 and 9.7. While during the transient state tests air
trapping for imbibition process was measured, during steady state test no air trapping
for imbibition process is observed. Therefore it is expected that the soil-water charac-
teristic curve from the steady-state experiment will not provide a good prediction. As
assumed the simulation results show no proper agreement with respect to the entrapped
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air saturations (see Fig. 9.8). The obtained water saturation values are significantly
overestimated by the simulation for saturation Sw > 0.8 in the first imbibition, second
drainage and also second imbibition cycle. Although the pressure versus time results
show good agreement between obtained and simulated results, strong deviations were
observed in the residual zone. This is directly related to the ending saturations on the
suction-water content curve measured during steady-state experiment.

The resulting soil-water characteristic curve demonstrates strong hysteresis and air trapping
effects. Numerical simulations of the transient state test are carried out using the two-
phase flow module of the MUFTE-UG simulator. The simulation and experimental results
are compared in terms of saturation versus time as well as pressure versus time for the
entire sequence of alternating drainage and imbibition conditions. The comparison shows the
necessity of the inclusion of a hysteresis concept in the numerical simulator, especially related
to the effect of air trapping and the formation of residual air saturations during imbibition.
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Figure 9.5: Comparison of suction-water content measurements and simulation including
hysteresis model from Parker and Lenhard (1987) - transient state test
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Figure 9.6: Comparison of pore-water pressure measurements and simulation including hys-
teresis model from Parker and Lenhard (1987) - steady state test

In general, it can be stated that a good prediction of the flow process in the transient state
test has been obtained with a conceptually simple scaling approach for hysteresis.

In a further investigation an additional soil-water characteristic curve is determined from
steady state experiment on Hostun sand specimens and consequently used for a numerical
simulation. This is a common procedure in applications involving unsaturated flow. However,
the suction-water content curve determined with this approach demonstrates absence of air
residual saturation in imbibition, in contrast to the transient state test where a strong trapping
effect is observed. The numerical simulation carried out here incorporates the Parker and
Lenhard (1987) hysteresis, however cannot predict correctly the flow process in the transient
state experiment due to the inappropriate input soil-water characteristic curve.
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Figure 9.7: Comparison of saturation versus time measurements and simulation including
hysteresis model from Parker and Lenhard (1987) - steady state test

9.5 Summary

Concluding, this work shows how modeling and experimental work can optimally be combined
in order to gain reliable predictions of hysteretic unsaturated flow. From the modeling point
of view, it is demonstrated that the implementation of a simple scaling approach for hysteresis
can provide a good prediction of hysteretic unsaturated flow including phase trapping effects.
However, this needs to be combined with reliable information of the input suction-water
content parameters that is commonly measured in the laboratory. It is shown that this is
possible by using direct saturation and pressure measurements on the column. If such data
were not available, the traditional approach that determines the soil-water characteristic curve
with separate steady state outflow/inflow would provide false information on the amount of
air trapping and, consequently, a misleading prediction by means of numerical simulations.
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Figure 9.8: Comparison of suction-water content measurements and simulation including
hysteresis model from Parker and Lenhard (1987) - steady state test



Chapter 10

Bearing Capacity of a Strip Footing
on Unsaturated Hostun Sand

10.1 General

Most of the shallow foundations are typically located above the groundwater table that re-
quires an understanding of bearing capacity and settlement behavior of soils under unsatu-
rated conditions. The influence of soil suction is however not addressed in conventional design
of foundations and a framework for interpreting these results is not available. The founda-
tions are conventionally designed assuming saturated conditions for the soil. To investigate
the influence of suction on the bearing capacity, a series of model footing tests was carried
out to determine the ultimate bearing capacity of the Hostun sand respectively under both
unsaturated (ψ = 2, 3 and 4 kPa) and saturated (S = 0 as well as S = 1) conditions. A
box was specially designed to load model continuous (i.e. strip) footings under plane strain
condition. The experimental results show that ultimate bearing capacity increases up to a
certain suction value and then decreases with an increase in the suction value.

Further the soil-water characteristic curve as well as saturated shear strength parameter
are used to predict unsaturated bearing capacity. Therefore the model proposed by Vanapalli
& Mohamed (2007) is used.

The bearing capacity is the key parameter required when designing foundations. The
bearing capacity theory on saturated soil has been investigated in the last century by many
researchers. Prandtl (1921) was one of the first author, who studied the behavior of a strip
footing. The author loaded the strip footing until it penetrated into the soil. Prandtl (1921)
introduced the ultimate bearing capacity qu of a soil, that is the stress applied for reaching
failure in the tested soil. Bearing capacity analysis was developed by Terzaghi (1943), Meyer-
hof (1951), Vesic (1973), Bolton (1986). Based on the assumption, that a soil is either in fluid
saturated condition or dry condition several researchers as for instance Prandtl (1921), Terza-
ghi (1943), Meyerhof (1951) proposed approaches for the estimation of the bearing capacity.
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The solution given by Terzaghi (1943) is accepted since decades:

qu = Ncc
′ + Nqq + 0.5BNγγ (10.1)

where: qu is the ultimate bearing capacity, Nc, Nq as well as Nγ are bearing capacity factors
providing the contribution of cohesion in the soil, the surcharge and unit weight, c′ is the
cohesion, q is the overburden pressure, γ is the weight of the soil and B is the width of the
footing. Bearing capacity factors based on different assumptions were proposed by several
researchers (Terzaghi 1943, Meyerhof 1951, Gussmann 1986, Kumbhojkar 1993, Zhu et al.
2001).

However, foundation designs are complex and due to presence of suction in the soil (i.e.
most foundations are located above the groundwater table) an understanding of the soil
behavior that comprises the role of suction is required. Only view researchers performed ex-
perimental investigations on the influence of suction on the bearing capacity. Broms (1963)
found an influence of suction on the bearing capacity of flexible pavements, Oloo et al. (1997)
carried out the influence of suction of unpaved roads and presented a procedure for the de-
termination of the bearing capacity in pavement systems. Plate load tests were conducted
by Steensen-Bach et al. (1987), Costa et al. (2003), Rojas et al. (2007) on unsaturated sand,
lateritic soils and lean clay. Their field tests showed increasing bearing capacity with increase
in suction. Bearing capacity tests of a square model surface footing were carried out by Mo-
hamed & Vanapalli (2006), Vanapalli & Mohamed (2007) on an unsaturated coarse grained
soil. The authors found the bearing capacity derived from unsaturated specimen 5 to 7 times
higher than the bearing capacity from saturated specimen.

Since several experimental studies show non-linear behavior of unsaturated shear
strength (Gan et al. 1988, Escario & Juca 1989, Vanapalli & Mohamed 2007), Vanapalli
et al. (1996) extended the linear unsaturated shear strength theory proposed by Fredlund
et al. (1978). The authors proposed an non-linear equation for prediction of unsaturated
shear strength using the soil-water characteristic curve in combination with the saturated
shear strength:

τ = [c′ + (σn − ua) tan φ] + (ua − uw)(Sκ tanφ) (10.2)

where: c and φ are the cohesion and friction angle of saturated soil for a particular net stress
σn, (ua − uw) is the difference between pore-air pressure and pore-water pressure, that is the
matric suction, S is the saturation and κ is a fitting parameter. The matric suction and the
saturation are derived from the soil-water characteristic curve. The first part includes the
parameters of saturated shear strength and the second part includes shear strength due to
matric suction. Using the term, that describes the non-linear behavior of the unsaturated
shear strength ((ua − uw)Sκ tanφ) following equation was proposed to predict the bearing
capacity of unsaturated soil (Vanapalli & Mohamed 2007):

qu = [c′ + (ua − uw)Sα tanφ] ·Ncξc + 0.5BNγγξγ (10.3)
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where: α is a parameter similar to κ in Eq. 10.2, ξc is a shape factor due to cohesion and
ξγ is a shape factor due to unit weight. Before reaching the air-entry value the contribution
of the suction to the bearing capacity is linear. This is considered by the following equation
given by (Vanapalli & Mohamed 2007):

qu = [c′ + (ua − uw)aev(1− Sα) tan φ + (ua − uw)avrS
α tanφ] ·Ncξc + 0.5BNγγξγ (10.4)

where: (ua − uw)aev is equal to the air-entry value and (ua − uw)avr is the average suction
measured in the stress bulb below the foundation. In Eqs. 10.3 and 10.4 the influence of
overburden pressure is set to zero because unsaturated bearing capacity was tested on surface
footings. Following factors were proposed by Vesic (1973) to account for the different shape
of footings:

ξc = 1 +
Nq

Nc
· B

L
(10.5)

ξγ = 1− 0.4 · B

L
(10.6)

where: B is the width and L the length of the foundation.

When investigating bearing capacity 2 main failure mechanisms are available. Gussmann’s
(1986) study shows typical failure patterns below strip foundation with rough and smooth
surfaces respectively (see Fig. 10.1 and 10.2). The failure pattern with a rough footing is
different from a smooth footing. A rough footing typically offers more resistance in comparison
to a smooth footing. The ultimate bearing capacity for rough footing is twice the value in
comparison to a smooth footing (Gussmann 1986). Therefore the bearing capacity qu derived
in Eq. 10.4 (this equation is based on Eq. 10.1, that considers failure mechanism as given in
Fig. 10.1) is reduced to qu/2, when estimating the bearing capacity for smooth footings.

Figure 10.1: Mechanism of failure below rough footing (Gussmann 1986, reprint with permis-
sion from P. Gussmann)
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Figure 10.2: Mechanism of failure below smooth footing (Gussmann 1986, reprint with per-
mission from P. Gussmann)

10.2 Bearing Capacity Equipment

Bearing capacity of a surface model footing was measured in a box specially designed for
this study. In Fig. 10.3 the bearing capacity equipment is shown. For determination of
bearing capacity of model footing a box 1000 mm in length, 500 mm in height and 500 mm
in width was designed. The box consists of an outer frame made of wood and an inner tank.
The outer frame serves as a stiffener to prevent lateral bending or deformations that may
occur when loading the model footing in the tank. The tank was constructed using 9 mm
thick plates made of plexiglas. The tank has 4 openings (2 at each side), that are used for
application of water to the box. During the testing procedure the openings are connected to

Loading piston

Model strip footing

Water supply

Burette

Tensiometer

Loading frame

Burette

Water supply

Infield

Figure 10.3: Bearing capacity equipment
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Figure 10.4: Model strip footing

2 burettes (1 at each side), that are used to apply suction to the specimen by hanging water
column technique. Bearing capacity tests are performed using a model footing 477 mm in
length, 79 mm in width and 45 mm in height, that is a strip footing. The strip footing is
made of steel and is shown in Fig. 10.4. The friction angle was determined for plane strain
loading conditions using a double wall cell (Schanz & Alabdullah 2007, Alabdullah & Schanz
2009). The measured friction angle was equal to φ = 46.9◦. The calculations using Rankine’s
analysis shows that the failure zones extends to a length approximately equal to 500 mm and
the maximum depth to 100 mm. The box was designed such that the box dimensions are
greater than the calculated values of the failure zone (i.e. 1000 mm in length, 500 mm in
width and 500 mm in height). The failure mechanism is given in Fig. 10.5. Additionally the
box may be equipped also with tensiometer sensors in several depth for measuring pore-water
pressure. The bearing capacity equipment is placed in a loading frame. Using the loading
frame the bearing capacity was measured by loading the surface footing in the saturated
specimens as well as unsaturated specimens. During the test the loading system is measuring
settlements and the applied load. The accuracy of settlement readings is 0.001 mm and the

α β

α = 45°+ φ/2
β = 45° - φ/2

 25 cm

10
 c

m
   

 

Figure 10.5: Failure below strip footing following Rankine
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accuracy of the applied load is 0.05%. A maximum load of 40 kN can be applied when using
the loading system. When tensiometer sensor measurements were carried out during testing
procedure adequate data logging system was used to compute pore-water pressure.

10.3 Experimental Program

Bearing capacity tests include the loading of a strip footing model, that is placed on the surface
of the saturated sand specimen (i.e. either fluid or air saturated) as well as the unsaturated
sand specimen (ψ = 2, 3 and 4 kPa). The footing was loaded at a constant rate of 0.002 mm/s.
Also during loading procedure the footing is not fixed to vertical deformations (i.e. horizontal
deformations occur). In a depth of 50 mm the pore-water pressure (i.e. matric suction)
was measured using tensiometer sensor when bearing capacity of unsaturated specimen was
investigated.

The dry specimen with a height of about 36 cm was prepared by uniformly pluviating oven
dry sand with a funnel (500 ml capacity) into the bearing capacity box in several layers. After
each layer the specimen was compacted using a 2 kg hand compactor. The water saturated
and unsaturated specimen with a height of about 36 cm were prepared by uniformly pluviating
oven dry sand with a funnel (500 ml capacity) into the bearing capacity box filled with deaired
water. The box was filled with water successively using a water tank, that was connected at
one side to the water supply during specimen preparation. The deaired water was stepwise
injected into the box from the tank. During the specimen preparation the water level was
always kept above the sand specimen to avoid occlusion of air. Similar to the preparation of
the dense specimen in the sand column device I the falling height of the sand specimen was
approximately 30 cm. To reach unsaturated condition, a matric suction was then induced to
the initially fluid saturated specimen by using hanging water column technique. Therefore the
connection to the water tank was replaced by a connection to a burette. For preparation of
an unsaturated specimen the height of water in both burettes (one at the right hand and one
on the left hand side) was set 200, 300 and 400 mm below the surface of the sand specimen.
The bearing capacity tests were performed on specimen with a void ration e = 0.70. Denser
specimen was not achieved during specimen preparation. When the bearing capacity was
tested on the unsaturated specimen pore-water pressure was measured in the vicinity of the
expected stress bulb near the model footing using tensiometer.

10.4 Experimental Results

Fig. 10.6 shows the failure pattern observed for the present study undertaken with a smooth
footing. The failure pattern is consistent with Gussmann’s study showing a smooth surface
footing. Some horizontal deformation and sliding occurs (also because the footing is not
vertically fixed during loading) along with vertical deformations when a footing has a smooth
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Figure 10.6: Mechanism of failure below footing

surface during the loading of the footing. Experimental results derived from the bearing
capacity tests on water and air saturated as well as unsaturated specimen are presented
in Fig. 10.7, where the load is plotted versus settlements and the stress is plotted versus
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Figure 10.7: Experimental results of bearing capacity tests
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settlements. With increasing settlement the load and also the stress are linearly increasing.
With larger settlements this behavior becomes non-linear until reaching maximum value (i.e.
ultimate bearing capacity), where the soil fails. After the failure the settlements are further
increasing but the load and the stress are decreasing. From the results clearly can be seen,
that the unsaturated specimens have a higher bearing capacity than the saturated specimens.
While the maximum load reached for the unsaturated specimen is Fmax = 19 kN, that refers
to a stress of σmax = qu = 517 kN/m2, the maximum load of the air saturated (S=0) specimen
is Fmax = 4.9 kN, that corresponds to a stress of σmax = qu = 132 kN/m2. The maximum
value of the applied load and the stress is reached for the unsaturated specimen for larger
settlement value. The results show that the suction and thus the water content in a sand
is strongly influencing the behavior of the bearing capacity of strip footings. The bearing
capacity of the sand tested under unsaturated condition was found to be approximately 2.5
to 4 times higher then for the saturated specimen. The bearing capacity is increasing with
increase in suction and then after reaching an maximum value decreasing.

10.5 Prediction of Bearing Capacity

Following the proposal given by Vanapalli & Mohamed (2007) the bearing capacity is es-
timated using Eq. 10.3 and compared to the experimental data. Therefore the drainage
soil-water characteristic curve derived from the modified pressure plate apparatus for dense
specimen, the bearing capacity factors derived by Terzaghi and the shape factors derived from
Eqs. 10.5 and 10.6, a friction angle of φ = 46.9◦ as well as an air-entry value of ψaev = 1.9 kPa
were used, the average suction is equal to the suction observed by the tensiometer. The pa-
rameter κ is set to 1. This equation takes the same form as Terzaghi’s equation shown in
Eq. 10.1 without the surcharge contribution if (ua − uw) value is set to zero. The contri-
bution of surcharge is not necessary in the present study as the model footing was loaded
placing them directly on the sand surface. Important parameters used for the prediction are
also given in Tab. 10.1. In Fig. 10.8 the experimental results in comparison to the predicted
results are shown. The prediction shows an increase of the bearing capacity with increas-
ing suction, that is consistent with the experimental results. Overall observation is that the
predicted values follow the trend of the experimental results. Whereas after reaching the air-
entry value (transition zone) the experimental results of bearing capacity are still increasing
the predicted values are already decreasing. The experimental results are underestimated by
the predicted results. In the residual zone a decrease of bearing capacity was observed by

Table 10.1: Parameters used for prediction of bearing capacity

Parameter ψaev φ Nc Nγ ξc ξγ

1.9 kPa 46.9◦ 223 407 1 0.93
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Figure 10.8: Comparison of experimental and predicted results of bearing capacity

the measurements. Predicted values are only slightly decreasing, which is not consistent with
theory. In theory mechanical behavior of saturated soils is equal. The experimental results
are overestimated by the predicted results. Further investigation on bearing capacity of strip
footings on unsaturated soils and the development as well as validation of an equation for
predicting unsaturated soils bearing capacity is needed.

10.6 Summary

Bearing capacity of a surface model footing was carried out on saturated as well as unsaturated
sand in a fundament box. According to Gussmann (1986) failure mechanism of smooth footing
was found below the footing. The results show, that the bearing capacity is improved when
dealing with unsaturated sand. Similar to the influence of suction on the stiffness of Hostun
sand, the bearing capacity is increasing first with increasing suction and is than after reaching
an optimum decreasing with further increase in suction. At all the bearing capacity was found
to be 2.5 to 4 times higher then for the saturated specimen.

The approach suggested by Vanapalli & Mohamed (2007) was successfully applied to
the derived experimental results. Further experimental investigation of bearing capacity on
unsaturated Hostun sand is necessary in the residual zone to validate and modify the approach
given by Vanapalli & Mohamed (2007). The difference between measured and predicted
results in the residual zone has to be reduced. Also the predictions of bearing capacity
of water and air saturated specimen are not in the same range when using the model by
Vanapalli & Mohamed (2007). Theoretically water and air saturated specimen show similar
mechanical behavior.
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Chapter 11

Summary and Outlook

11.1 General

In the following chapter the main results of the present study are summarized. Advantages
and disadvantages of the testing devices and equipment used for investigation of unsaturated
sand are given in detail. The results derived from these devices and equipments are hydro-
mechancial properties of unsaturated Hostun sand, which are also concluded. The influence
of several conditions (e.g. initial condition) on the unsaturated hydro-mechancial is given.

Unsaturated hydraulic behavior was investigated in sand column testing device I, that was
simulated using MUFTE-UG. Two sets of parameters were used: i) a parameter set directly
estimated from the transient state sand column test I and ii) a parameter set derived from
conventional test (steady state results from modified pressure plate apparatus). The main
outcomes are given below.

In case of a typical engineering problem, i.e. bearing capacity, the importance of consid-
eration of suction in a soil was shown in the present investigation. As important key relation
for prediction of unsaturated bearing capacity the soil-water characteristic curve is required.
Results from experiments carried out and the predictions are concluded.

Finally future work for further investigation on hydro-mechancial behavior of unsaturated
sand is proposed. This includes experimental investigations as well as theoretical investiga-
tions on numerical simulations and development and improvement of models for describing
hydraulic and mechanical unsaturated soils behavior (soil-water characteristic curve model,
model for prediction of unsaturated stiffness, model for prediction of unsaturated bearing
capacity).

11.2 Testing Devices and Equipment

A newly developed modified pressure plate apparatus and two column testing devices (sand
column testing device I, sand column testing device II), which were additionally equipped with
sensors for measuring water content and pore-water pressure, are introduced in the present

205
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study and used to perform a series of imbibition and drainage tests on Hostun sand. The
hydraulic behavior of unsaturated Hostun sand was examined in these cells. In the following
advantages and disadvantages of the cells are summarized that were found when performing
experiments on unsaturated sand.

The following advantages (+) and disadvantages (-) were found when using the Modified
Pressure Plate Apparatus :

+ Only a small specimen needs to be prepared. The distribution of void ratio and suction
along the height of the specimen can be assumed to be homogeneous.

+ The application of small suction values along with small suction steps enables a pre-
cise estimation of the shape of the soil-water characteristic curve and the parameters
near the air-entry value, residual suction, residual volumetric water content and water-
entry value. This is an important requirement when using the best-fit procedure on an
equation.

+ The drainage curve, imbibition curve as well as scanning drainage and imbibition curves
can be measured. Predefined suction values can be applied.

+ The application of vertical net stress enables the investigation of mechanical loading on
an unsaturated soil.

+ Measurements of changes in volume during drainage and imbibition processes can be
carried out.

+ The apparatus is relatively inexpensive, small and user-friendly.

+ The 1 bar ceramic disk can be replaced with a 5 bar ceramic disk to investigate silty
soils or conventional disk made of porous stone.

- Only steady-state tests can be performed.

- The testing procedure is time consuming.

- A permanent observation of water outflow and inflow is necessary in order to find equi-
librium conditions.

Following advantages and disadvantages were found when using the Sand Column Testing
Device I :

+ Transient state tests as well as steady state tests can be performed under various flow
rates. The influence of flow rate on the hydraulic behavior of unsaturated sand can be
determined using the attached pump.

+ The drainage curve, imbibition curve as well as scanning drainage and imbibition curves
can be measured.
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+ The procedure is not time consuming.

+ Volumetric water content measurements θ(t) and suctions measurements ψ(t) can be
used to directly determine hydraulic functions (suction-water content relation, unsatu-
rated hydraulic conductivity).

- Expensive equipment is required (i.e., TDR sensors, tensiometers, 2 computers for com-
puting results).

- Careful calibration of the sensors is necessary.

- Preparation of the specimen is time consuming and a large mass of material to be tested
is needed.

- The specimen must be a disturbed specimen.

Following advantages and disadvantages were found when using the Sand Column Testing
Device II :

+ Drainage transient state tests can be performed under various flow rates. The influence
of flow rate on the hydraulic behavior of unsaturated sand can be determined using the
attached air-pressure system.

+ Measurements of changes in volume can be performed.

+ The procedure is not time consuming.

+ Volumetric water content measurements θ(t) and suctions measurements ψ(t) can be
used to directly determine hydraulic functions.

- Expensive equipment is required (i.e., TDR sensors, tensiometers, 2 computers for com-
puting results).

- Careful calibration of the sensors is necessary.

- It is not useful to carry out steady state tests in the sand column testing device II, due
to the size of specimen. The testing procedure would be very time consuming.

- The specimen is a disturbed specimen.

Even it is a time consuming procedure for prediction of soil-water characteristic curve in-
cluding initial drainage, main drainage and imbibition curve as well as scanning curves the
modified pressure plate apparatus was found to be the favorite equipment. Due to possibility
of application of small suction increments the equipment enables precise determination of the
shape of the soil-water characteristic curve during drainage and imbibition. For investigation
of influence of flow condition to the shape of the soil-water characteristic curve sand column
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testing devices I and II should be used. These equipments provide volumetric-water content
and pore-water pressure versus time measurements and thus give information of the flow of
water in the specimen. The information is useful, when numerical simulations are carried
out. Whereas sand column testing device II requires stepwise the application of suction to
the specimen, sand column testing device I uses the attached pump for changing the suction
in the specimen.

11.3 Hydro-Mechanical Behavior

Soil-water characteristic curve measurements were performed for loose and dense specimen
under variable loading paths (i.e. drainage and imbibition path). It was found that the shape
of the soil-water characteristic curve was related to the void ratio of the specimen and to
the hydraulic loading path direction, namely whether it is a drainage or a imbibition path.
Experiments carried out using steady state and transient state methodologies show quantita-
tively similar behavior for the soil-water characteristic curve and the hydraulic conductivity
function. The following conclusions can be drawn from the present study:

- Influence of void ratio:

The soil-water characteristic curve of Hostun Sand shows that desaturation takes place
over a narrow range of relatively low suction values. Desaturation is reflected in a rapid
decrease in the unsaturated hydraulic conductivity function. Experimental results on
the dense specimens show a higher retention and higher absorption of water due to
smaller voids compared to loose samples. Therefore with increasing void ratio the air-
entry value, the residual volumetric water content, the corresponding residual suction
as well as the water-entry value also increases. The saturated volumetric water content
decreases with increasing void ratio.

- Influence of loading path direction:

The effect of hysteresis was quantified for loose and dense specimen along the main
drainage and imbibition curves. Several scanning imbibition as well as scanning drainage
curves were found between the main drainage and imbibition loop. Whereas the results
derived from sand column testing devices I show the effect of occluded air (entrapped
air), the results derived from the modified pressure plate apparatus do not show this
phenomenon.

- Influence of flow condition:

The transient state tests were performed in sand column testing device I and II with
different flow rates. There was no significant influence of the rate of suction applied on
the soil-water characteristic curves. The results derived under transient state condition
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are similar to the results derived under steady state conditions. No significant dynamic
effect was found.

- Influence of net stress:

No significant influence from the applied net stress on the shape of the soil-water char-
acteristic curve was found.

Childs and Collis George (1950), Mualem´s (1976) and Fredlund and Xing’s (1994) model
were applied for further calculations of the unsaturated hydraulic conductivity. The experi-
mental results from the transient state tests, where volumetric water content and suction are
measured, were used to calculate the unsaturated hydraulic conductivity using the instan-
taneous profile method. This results are conform with those calculated indirectly by using
statistical model from Fredlund et al. (1994).

In the present work the experimental results were used to introduce a method for model
building, that is based on statistical assessment. As a result, a new soil-water characteristic
curve model was introduced, which accounts for scanning imbibition processes. The model is
simple in use and it was found that the observed values are conform to the predicted values.
Statistical techniques, i.e. graphical and numerical methods, support to use of the developed
model. Advantages and disadvantages of the proposed suction-water content model are:

+ The single model is a simple application and thus is simple in its usage.

+ The model is based on detailed statistical analysis.

+ Only 4 parameters (β1, β2, β31, β32) have to be determined. Parameter β0 is related to
the saturated water content and β3 is related to the residual water content.

- The proposed scanning model can not be used for scanning drainage curves.

The proposed soil-water characteristic curve model was successfully applied to the experimen-
tal results derived in the present investigation. Slight modifications may be necessary, when
using different type of sandy soils. To further upgrade of the new model, the consideration of
scanning drainage processes has to be included.

The mechanical behavior of unsaturated Hostun sand was investigated in one-dimensional
compression and rebound tests. The experimental investigation showed, that the compres-
sion index and thus the stiffness modulus are clearly influenced by suction during loading.
With increase in matric suction the compression index decreases and vice versa the stiffness
increases. After reaching an optimum value the compression index increases, that means the
stiffness modulus decreases again. The mechanical behavior under dry condition (S = 0) is
similar to the mechanical behavior under saturated condition (S = 1). No influence of suction
on the mechanical behavior during unloading path was found. Collapse potential was studied
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for specimens under loose condition. Two different methods of sample preparation related to
variation of initial conditions are described. It was found that the collapse potential is very
small for the stress paths analyzed. Investigations on preconsolidation pressure lead to the
conclusion, that no influence of suction on the soil history was observed.

To underline the importance of unsaturated soil behavior, bearing capacity of surface
model footing was carried out for saturated and unsaturated specimens. A meaningful influ-
ence of suction was found to the bearing capacity of strip foundation. The bearing capacity
significantly improved for unsaturated specimen. The bearing capacity of the unsaturated
sand specimen was found to be approximately 2.5 to 4 times higher than for the saturated
specimen (S = 0 and S = 1). Similar to the influence of suction on the stiffness behavior of
sand, the bearing capacity increases with increasing suction and again decreases when reach-
ing dry condition. Using the equation proposed by Vanapalli & Mohamed (2007) bearing
capacity was predicted. Measured and predicted values are in good agreement, but further
experimental and theoretical investigations are necessary.

Calculations of unsaturated bearing capacity as well as unsaturated hydraulic conductiv-
ity showed, that the soil-water characteristic curve is an important tool when dealing with
unsaturated soil behavior. It is the basic relation used for prediction of unsaturated hydro-
mechancial behavior.

11.4 Numerical Simulation using MUFTE-UG

A transient state test was conducted on loose Hostun sand specimen in the column testing
device I for several alternating drainage and imbibition events. TDR and tensiometer sensors
are used to measure saturation and pore-water pressure at different depths over the time.

The derived soil-water characteristic curves demonstrate significant hysteresis and air
trapping effects. Numerical simulations of the transient state test are carried out using the
two-phase flow module of the MUFTE-UG simulator. The simulations incorporate informa-
tion on the soil-water characteristic curve determined directly on the column. The scaling
hysteresis concept from Parker & Lenhard (1987) was used, that accounts for entrapped
non-wetting phase saturation.

The simulation and experimental results were compared in terms of saturation versus time
as well as pore-water pressure versus time for the entire sequence of alternating drainage and
imbibition conditions. The comparison showed the necessity of the inclusion of a hysteresis
concept in the numerical simulator, especially related to the effect of air trapping and the for-
mation of residual air saturations during imbibition. Using the hysteresis concept from Parker
& Lenhard (1987), only small deviations in the predicted and measured suction-water content
curves for the second imbibition have been observed. Despite this limitation, it can be stated
that a positive prediction of the flow process in the transient state test has been obtained
with a conceptually simple scaling approach for hysteresis.
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In a further investigation an additional soil-water characteristic curve was determined from
the steady state experiment on Hostun sand specimens and consequently used for a numerical
simulation. This is a common procedure in applications involving unsaturated flow. However,
the soil-water characteristic curve determined with this approach demonstrates absence of air
residual saturation in imbibition, in contrast to the transient state test where a strong trapping
effect was observed. The numerical simulation carried out here incorporates the Parker and
Lenhard hysteresis. However, the simulation cannot correctly predict the flow process in the
transient state experiment due to the inappropriate input suction-water content curve.

It is demonstrated that the implementation of a simple scaling approach for hysteresis
can provide a good prediction of hysteretic unsaturated flow including phase trapping effects.
However, this needs to be combined with reliable information of the input soil-water charac-
teristic curve parameters that is commonly measured in the laboratory. It is shown that this
is possible by using direct saturation and pressure measurements from the sand column test I.
The investigation showed that a single pair of TDR and tensiometer sensors in combination
with the implemented scaling concept for hysteresis provides good prediction of the flow in
the entire 0.54 m high porous medium column, for all drainage and imbibition events. If TDR
and tensiometer data were not available, the traditional steady state method would be used
for the determination of the suction water content relationship. Although the specimens used
in the steady state outflow/ inflow experiments correspond to the same spatial scale as the
TDR-T pairs, they provide different information on the amount of air trapping and conse-
quently a misleading prediction of flow in the transient state test. This observation suggests
that the amount of phase trapping strongly depends on the methodology used and the time
scales linked to it. When predicting hysteretic flow by means of numerical simulations, it is
therefore necessary to use hysteretic suction-water content curves that are determined under
conditions (i.e. fast or slow imbibition) similar to those of the application they are purposed
for.

11.5 Future Work

Due to the reason that the majority of civil engineering problems are related to unsaturated
soils, there is a strong motivation to understand their hydro-mechancial behavior and the im-
pact of suction vice versa water content on the stress-strain, shear strength and flow behavior.
To support the investigations carried out in the present study and to complete the present
study following tests are proposed to carry out:

- Performance of triaxial tests for investigation of the influence of suction on the shear
strength.

- Performance of biaxial tests for investigation of the influence of suction on shear
strength.
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- Direct determination of unsaturated hydraulic conductivity.

- Continuation of bearing capacity tests for several suction values.

Further development and enhancement of the new-suction water content model, that includes
the incorporation of scanning drainage process into the model is needed. The numerical
simulation of the sand column tests I using the new suction-water content model, which has
to be implemented into an appropriate software is future work. Present results also can be
used to develop a hydro-mechancial model for description of unsaturated sand behavior.

In a next step numerical simulation of the bearing capacity tests conducted on unsaturated
sand specimen have to be carried out. Classical bearing capacity equation has to be extended
or the equation by Vanapalli & Mohamed (2007) has to be modified, so that the effect of
suction can be considered. Depending on the suction in the soil the shear strength increases
and decreases respectively due to capillary forces. The shear strength caused by a certain
suction value has to be implemented into the bearing capacity equation. The aim for further
investigations is to use KEM method to include the shear strength component caused by
suction.
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Details Zou’s Model (2003, 2004)

During a main imbibition process of a soil, first all the contact regions are at the same time
filled with water from the position angle α = 0 to α = αmax (Fig. 2.22(a)). For α = αmax

some adjacent capillary menisci contact with each other, and some frustum-shaped pores are
formed. Then, all the frustum-shaped pores are at the same time filled with water from y = 0
to y = rs gradually (Fig. 2.22(b)). During a main drainage process of a soil, first a part of
the frustum-shaped pores begins to drain gradually from y = rs to y = 0. Then another part
begins to drain and one after another. Subsequently the contact regions begin to drain from
α = αmax to α = 0, and a part of frustum-shaped pores with the number µ ·nf0 (where µ is a
percentage) is just drained during the drainage process of the contact regions. If in a soil all
the contact regions have been filled with water to α = αmax and all the frustum-shaped pores
have been filled with water to y = y1 < rs during a previous main imbibition process, and
now the soil begins to dry, then the drainage process is called as secondary drainage process.
Similar to the main drainage process, during the secondary drainage process, first a part of
the frustum-shaped pores that have been filled with water to y = y1 previously begins to
drain gradually. Then another part begins to drain and one after another. Subsequently the
contact regions begin to drain from α = αmax to α = 0, and a part of frustum-shaped pores
with the number µ ·nf0 is also just drained during the drainage process of the contact regions.
If in a soil only a part of the frustum-shaped pores has been drained to y = y2 < rs during a
previous main drainage process, the other parts are still filled with water to y = rs, and now
the soil begins to be wetted again, then the imbibition process is called secondary imbibition
process. During the secondary imbibition process only the part of the frustum-shaped pores
that have been drained to y = y2 previously are at the same time wetted again.

The volume Vw1(α) of the pore water in a contact region between two tangent particles
(spheres) with the same radius rs, depending on α, can be expressed approximately as:

Vw1(α)
r3
s

= 2π (1− cosα)
[
sin2(α)− (1− cosα)(2 + cosα)

3

]
(A.1)
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The average pore volume Vv0 per particle in a soil with pore ratio e, in proportion to r3
s ,

can be written as:
Vv

r3
s

=
4π · e

3
(A.2)

When the contact regions in a soil are wetted or dried to a position angle α, according to
the so-called capillary law (Fredlund & Rahardjo 1993b) the dimensionless suction σu(α) in
pore water, in relation to α can be expressed as follows:

σu(α) =
(ua − uw) · rs

Ts
=

(2− sinα− 2 cos α) · cosα

1− sinα(1− cosα)− cosα(2− cosα)
(A.3)

where ua and uw are air and water pressure respectively, Ts is the so-called surface tension of
capillary water (e.g. Ts = 72.75mN/m for the temperature T = 20C◦).

In Zou (2003), Zou (2004) it was proposed that the form of the ideal symmetrical frustum-
shaped pores can be described using a function y relating to the radius r (Fig. 2.22(b)) as
following:

y

rs
= a− b

r2/r2
s − c

(0 ≤ y ≤ rs) (A.4)

where a, b and c are three constants that can be determined according to geometrical and
physical boundary conditions using following equations:

a (a− 1)
(

ln
a

a− 1
− 1

a

)[
ρ((αmax) + ξ)2 − %2(αmax)

]
(A.5)

=
4e

3nf0
− nc · Vw1(αmax)

2π · nf0 · r3
s

− ρ2(αmax)

b = a (a− 1)
[(

ρ(αmax) + ξ)2
)− ρ2(αmax)

]
(A.6)

and
c = ρ2(αmax)− b

a
(A.7)

where ρ(αmax) = (1−cosαmax)/ cosαmax and ξ is a form parameter which describes the form
of the symmetrical frustum-shaped pores.

When a symmetrical frustum-shaped pore is filled with water up to y, from Eq. A.4 and
by integration the volume Vw1(y) of the pore water in the symmetrical frustum-shaped pore
can be written as:

Vw1(y)
r3
s

= π

(
c

y

rs
+ b · ln a

a− y/rs

)
(0 ≤ y ≤ rs) (A.8)

The total volume Vw(y, α) of pore water per particle during the main imbibition and
drainage processes as well as during the secondary imbibition and drainage processes, de-
pending on y and/or α, can be written as:

Vw(y, α)
r3
s

= nf (y)
Vw1(y)

r3
s

+ nfi(y, α)
Vw1(yi)

r3
s

+ nc
Vw1(α)

2r3
s

(A.9)
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Table A.1: Overview of equations for determination of several parameters of Zou’s model
(2004)
processes yi nf (y) nfi(y, α) α

main imbibition
contact regions - 0 0 0 ∼ αmax

frustum-shaped pores y0 = rs nf0 0 αmax

main drainage
frustum-shaped pores y0 = rs nf0(1− µ)(1− y/rs) nf0[µ + (1− µ)y/rs] αmax

contact regions y0 = rs 0 µ · nf0 · α/αmax 0 ∼ αmax

secondary drainage
frustum-shaped pores y1 nf0(1− µ)(1− y/y1) nf0[µ + (1− µ)y/y1] αmax

contact regions y1 0 µ · nf0 · α/αmax 0 ∼ αmax

secondary imbibition
frustum-shaped pores y2 nf0(1− µ)(1− y2/rs) nf0[µ + (1− µ)y2/rs] αmax

(0 ≤ y ≤ rs; 0 ≤ α ≤ αmax, i = 0, 1, 2)

where nf (y) is the average number of the frustum-shaped pores that are wetting or draining
per particle, nfi(y, α) is the average number of the frustum-shaped pores that are filled with
water to y = yi (where yi is the maximal filling height). nf (y), nfi(y), yi and the position
angle α in Eq. A.9 can be determined corresponding to Table A.1 for different imbibition and
drainage processes.

The degree of saturation Sr(y, α), depending on y and/or α , can estimated using the
following equation:

Sr(y, α) = Sr0
Vw(y, α)

Vv
(A.10)

where Sr0 is the degree of saturation for suction (ua − uw) ≈ 0.
To determine the suction in pore water during wetting and draining the frustum-shaped

pores, in Zou (Zou 2003, 2004) it is assumed that the contact angle β(y) (Fig. 2.22(b)) as
function of y can be described using the following equation:

β(y) =

√
B

A− y
rs

+ C (A.11)

The three constants A, B and C can be determined according to physical boundary conditions
using following equations:

A = ζ, B = ζ (ζ − 1)
(

π2

4
− β2

0

)
, C = ζ · β2

0 − (ζ − 1)
π2

4
(A.12)

where
β0 = arccos

[
1− sinαmax/2− cosαmax(1− cosαmax)

1− sinαmax(1− cosαmax)− cosαmax(2− cosαmax)

]
(A.13)
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and ζ > 1 is a meniscus parameter which describes the physical properties of soil particle
surfaces.

According to the so-called capillary law (Fredlund & Rahardjo 1993b), the dimensionless
suction σu(y) in pore water during wetting and draining the frustum-shaped pores, depending
on r and β and so that on y, can be expressed as:

σu(y) =
(ua − uw) · rs

Ts
=

2 cos β

r/rs
=

2 cos ·
(

B
A−y/rs

+ C
)0.5

(
b

a−y/rs
+ c

)0.5 (A.14)

Now using equations Eq. A.10 and Eq. A.3 the relationship between degree of saturation
Sr(α) and suction σu(α) during wetting and draining the contact regions for 0 < α ≤ αmax

can be calculated, and using equations Eq. A.10 and Eq. A.14 the relationship between Sr(y)
and σu(y) during wetting and draining the frustum-shaped pores for 0 < y ≤ rs can be also
estimated.
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APPENDIX B. SOIL-WATER CHARACTERISTIC CURVE - EXPERIMENTAL

RESULTS AND BEST FITS
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Figure B.1: Experimental results and best fit (Fredlund and Xing 1994) for drainage and
imbibition process from modified pressure plate apparatus (loose specimen, steady state test)
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Figure B.2: Experimental results and best fit (Fredlund and Xing 1994) for drainage and
imbibition process from modified pressure plate apparatus (dense specimen, steady state test)
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RESULTS AND BEST FITS
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Figure B.3: Experimental results and best fit (Fredlund and Xing 1994) for drainage and
imbibition process from sand column test II (loose specimen, steady state test)
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Figure B.4: Experimental results and best fit (Fredlund and Xing 1994) for drainage and
imbibition process from sand column test II (dense specimen, steady state test)
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Figure B.5: Experimental results and best fit (Fredlund and Xing 1994) for drainage and
imbibition process from sand column test I (loose specimen, transient state test - 100 ml/min)



223

0

10

20

30

40

50

0 1 10 100
Suction (kPa)

Vo
lum

etr
ic w

ate
r c

on
ten

t (%
) TDR/T 70 mm

TDR/T 160 mm
TDR/T 260 mm
TDR/T 360 mm
TDR/T 450 mm
Best fit - drainage
Best fit - scanning
imbibition

0.0

0.2

0.4

0.6

0.8

1.0

0 1 10 100
Suction (kPa)

Sat
ura

tio
n (

-)

Loose specimen
Initial void ratio = 0.89
Flow rate ≈ 100 ml/min

Figure B.6: Experimental results and best fit (Fredlund and Xing 1994) for drainage and
imbibition process from sand column test I (loose specimen, transient state test - 30 ml/min)
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Figure B.7: Experimental results and best fit (Fredlund and Xing 1994) for drainage and
imbibition process from sand column test I (dense specimen, transient state test - 30 ml/min)
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Figure B.8: Experimental results and best fit (Fredlund and Xing 1994) for drainage and
imbibition process from sand column test I (dense specimen, transient state test - 100 ml/min)
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Figure B.9: Experimental results and best fit (Fredlund and Xing 1994) for drainage process
from sand column test II (loose specimen, transient state test)
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Figure B.10: Experimental results and best fit (Fredlund and Xing 1994) for drainage process
from sand column test II (dense specimen, transient state test)
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APPENDIX D. PRECONSOLIDATION PRESSURE OF PARTIALLY SATURATED

SAND
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Figure D.1: Prediction of yield stress using Casagrande’s (left) and Janbu’s (right) method
(dense specimen)
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Figure E.5: Experimental imbibition results (1st imbibition, 2nd imbibition) from transient
state sand column test and achieved curve fit from the proposed imbibition hysteresis model
(dense specimen)
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de Campos & F. A. M. Marinho, eds, ‘3rd International Conferencre on Unsaturated Soils’,
Balkema, Recife, Brazil.

Desrues, J., Chambon, R., Mokni, M. & Mazerolle, F. (1996), ‘Void ratio evaluation inside
shear bands in triaxial sand specimens studued by computer tomography’, Géotechnique
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20 (1992) Festschrift anlässlich des 60. Geburtstages von
Prof. Dr.- Ing. H. L. Jessberger
20 Jahre Grundbau und Bodenmechanik an der Ruhr-Universität Bochum

21 (1993) Stephan Demmert
Analyse des Emissionsverhaltens einer Kombinationsabdichtung im Rahmen
der Risikobetrachtung von Abfalldeponien

22 (1994) Diethard König
Beanspruchung von Tunnel- und Schachtausbauten in kohäsionslosem
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Einfluss der Herstellungsmethode auf das Verformungsverhalten von
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