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Propositions

1. To estimate the hydraulic parameters of clay soils, laboratory and optimization techniques
accounting for macropores and shrinkage processes are necessary.
this thesis

2. The concept of “critical ESP threshold” needs reconsideration, because soil degradation
upon increasing ESP is a continuum.
this thesis

3. Simulation models to evaluate management options in Mediterranean clay soils lead to
irrelevant results when bypass flow is not considered.
this thesis '

4. Altemnating application of water of different qualities during irrigation is effective in
preventing accumulation of salts when bypass flow occurs.
this thesis

5. The efficiency of Sodium removal by leaching is highest when the soil is dry and cracked,
allowing rapid vertical movement of water along air-filled cracks.
this thesis

6. Scientists are not in a position to provide unequivocal “solutions” to problems. Rather,
they can be helpful in formulating precise questions and problems and in developing options
from which users can make a choice which best fits their priorities.

7. Our job as soil scientists requires us to be always critical about results obtained by
established measuring and modelling methods, using field observations as starting points for
innovative approaches to soil and water studies.

8. Interaction between scientists and policy makers is necessary to make efforts in combating
desertification more effective. Scientists should be prepared to contribute different
qualitative and quantitative sets of information to the interaction process.

9. In combating desertification and drought, active participation of local communities and local
organizations is crucial Researchers have a particular responsibility to make sure that links
with regulatory and political organizations at regionai and national level are maintained,

10. Current members of the European Union {(EU) should be prepared to grant the same
opportunities to the new members from Eastern Europe as were available to themselves in
earlier years, even if this means that they will receive less funds from an enlarged EU in future.

I1. Our knowledge of land degradation in Southern Europe is rich in some ways, and
completely insufficient in others. The main focus has been on the role of climate, but the roie
of physical properties has not been sufficiently explored.

12. The best guarantee for being able to function well in the future is to look modestly but proudly
to what has been achieved in the past, not being completely guided by judgements of others,

G. Crescimanno — [rrigation practices affecting land degradation in Sicily
Wageningen, 17 September 2001
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Abstract

The available amount of fresh water for agriculture, and specifically for irrigation, is
decreasing all over the world. The quality of irrigation water is deteriorating, and
saline/sodic waters are increasingly used in many arid and semi-arid regions of the world.
Salinization is closely associated with the process of desertification.

Sustainable land management practices are urgently needed to preserve the production
potential of agricultural land while safeguarding environmental quality. In cracking soils
sustainable management should take into account the occurrence of bypass flow and the
influence that land use may have on soil structure and bypass flow phenomena.
Measurement of vertical and horizontal shrinkage in confined soil cores was found to be
suitable for determining the Soil Shrinkage Characteristic Curve (SSCC) and for
incorporating shrinkage in the scil hydraulic parameters/functions determined on confined
undisturbed soil samples. An optimization procedure based on multi-step outflow
experiments with inverse modelling was developed for determining the scil hydraulic
characteristics (HC). The need for accounting for structural porosity and shrinkage
processes was recognized on the basis of hydraulic conductivity values determined by the
suction crust infiltrometer method and of the SSCC determined on confined soil cores.
Analysis of the response of clay soils to ESP values up to 15, showed that the concept of
critical thresholds needs reconsideration, because increasing soil degradation upon
increasing ESP appeared to be a continuum. A major hazard of deterioration of structural
and hydraulic properties was recognized even at low ESP values (ESP<5) in dilute
solutions. In addition, the major influence that reductions in hydraulic conductivity due to
salinity and/or sodicity may have in water transport in the soil-crop system was also
documented by application of the LEACHM meodel.

The relevance of bypass flow on the water balance in a Mediterranean climatic context as
that occurring in Sicily, was evaluated by application of the FLOCR model. The results
showed that bypass flow corresponded with about 70-74% of cumulative yearly rainfall,
and that models not accounting for bypass flow may lead to a significant overprediction of
crop evapotranspiration and underestimation of the hazard of land degradation and
desertification.

Results of bypass flow measurements performed in a Mediterranean cracking soil under
alternated use of a high salinity solution to distilled water showed that exchange of solutes
occurred at the contact surfaces between the macropores/cracks walls and the incoming
solution in concomitance with bypass fluxes. These exchanges were effective in
determining leaching of solutes and removal of Sodium, and in preventing salinization and
sodification in part of the soil volume that is in contact with the roots.

Combined use of morphometric and physical techniques made it possible to explore the
effect of irrigation on soil structure and bypass flow phenomena of a Sicilian cracking soil
under two different irrigation systems, i.e. drip and micro-sprinkler. Different vertical
distributions of cracks was found under the two irrigation systems. In agreement with these
observations, different flow behaviour was observed in the laboratory in cylindrical soil
cores taken from the irrigated micro-sprinkler field. No bypass flow or lower amounts of
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bypass flow were observed in the micro-sprinkler irrigated field compared to the drip
irrigation treatment. Chemical dispersion of clay particles and detachment of these particles
from the surface and their movement into the cracks were the mechanisms responsible for
the partial or total occlusion of the {macro) pores in the micro-sprinkler irrigated field,

In conclusion, this study showed that drip irrigation alternatively using high and low sali
water was most effective in maintaining the productive capacity of the clay soil being
studied, particularly when this water was applied to a cracked soil. Combined use of
morphometric and physical methods was necessary to understand the underlined highly
dynamic flow behaviour in these complex soils.
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General Introduction

The available amount of fresh water for agriculture, and specifically for irrigation, is
decreasing all over the world. The quality of irrigation water is also deteriorating, and
saline/sodic waters are increasingly used in many arid and semi-arid regions of the world.
Salinization represents a hazard not only for agriculture, but also for the whole
environment (Szabolcs, 1989). According to the estimates of FAQ and UNESCO, as many
as half of the current irrigation systems of the world are more or less under the influence of
sccondary salinization, sodification and waterlogging. Salinization is closely associated
with the process of desertification, defined as “land degradation in arid, semi-arid and dry
sub-humid areas resulting from climatic variations and human activities”, with the term
“land” including soil, water resources, crops and natural vegetation (UNEP, 1991).
Sustainable land management practices are urgently needed to preserve the production
potential of agricultural iand while safeguarding environmental quality. According to one
of the various definitions given by FAO (1993), sustainable land management combines
“technologies, policies and activities aimed at integrating socio-economic principles with
environmental concern so as to protect the potential of natural resources and prevent
degradation of soil and water quality™.

Soil, as a part of a complex ecosystem, plays a crucial role in defining sustainable
management practices. Water is the most important carrier of pollutants and salts in our
soils. Rates of soil water movement in various soil water flow processes (infiltration,
redistribution, root uptake and dynamics) are important for making practical soil
management decisions to minimise potential groundwater contamination and degradation
of soil quality from land applied chemicals.

Swelling/shrinking clay soils change volume (V) with changes in water content (Murray
and Quirk, 1980), and during dry periods extensive cracks wili form in the field
{Bronswijk, 1988). These volumetric changes cause modifications in the geometry of some
if not all the soil pores (Berndt and Coughlan, 1976), affecting the bulk density/water
content relationship (Allbrook, 1992), and soil mechanical properties (Yong and
Warkentin, 1975).

Soil cracks alter the pore-size distribution through intermittent wetting, acting as significant
pathways for water and solutes and determining the occurrence of bypass flow, i.e. the
rapid transport of water and solutes via shrinkage-cracks to subsoil and to groundwater
through an unsaturated soil matrix (Beven and Germann, 1982; Bouma, 1991).

The Soil Shrinkage Characteristic curve: measurement and prediction

Knowledge of the Soil Shrinkage Characteristic Curve (SSCC), defined as the relationship
between specific volume of soil clods per unit mass of soil (v) and gravimetric water
content {U) (Mitchell, 1992), is fundamental to calculate the volumetric water content in
swelling/shrinking soils, to predict cracking and subsidence under field conditions
(Bronswijk, 1988), and to incorporate soil deformation in the soil hydraulic characteristics
(HC) (Kim et al, 1992; Crescimanno and Iovino, 1995).
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Chapter 1

Different methods have been proposed to determine the SSCC. The method proposed by

Brasher et al.(1966}, based on the use of resin-coated natural aggregates, represents a fast

and widely used measurement technique (Reeve et al., 1980; McGarry and Daniells, 1987;

Bronswijk and Evers-Vermeer, 1990; Crescimanno et al,, 1995). The measurement of
surface subsidence and horizontal shrinkage, which is time-consuming comipared to the use

of resin-coated aggregates, has been used less frequently (Yule and Ritchie, 1980a;

Bronswijk, 1990). ‘

Comparisons need to be performed between the SSCCs measured on resin-coated

aggregates and confined cores, the determination of which could be affected not only by the '
larger volume of the cores, but also by the different geometry and by the action of the

inflexible ring containing the samples compared to the flexible resin wrapping the clods,

Making this comparison will constitute the first objective of this research.

The possibility to predict the SSCC of confined cores from routinely measured soil physical

properties will also be investigated as measurement of SSCC in confined cores is time-

consuming compared to that performed on resin-coated clods.

Hydraulic characterization of structured soils _
Models simulating transport of water and solutes in unsaturated soil require, in addition, the
knowledge of soil hydraulic characteristics (HC), i.e. the water retention curve 8(h) and the
hydraulic conductivity function K(8).

The multistep (MSTEP) outflow method with inverse modeling (Kool et al. (1985; 1987)
is increasingly used to determine the soil hydraulic properties (van Dam et al., 1990 ), but
specific optimization techniques accounting for the presence of prefercntial pathways and
incorporating shinkage processes (Kim et al,, 1992) need to be developed for accurate
determination of soil HC in clay soils. _
Booltink et al. (1991) proposed the suction crust infiltrometer method (SCIM) to determine
the hydraulic conductivity of structured soils in the near-saturation range.

Optimization procedures based on MSTEP experiments and incorporating some
measurement of the saturated/unsaturated hydraulic conductivity performed by the SCIM
on large soil cores (#=20 cm, h=20 cm) will be investigated in this study. Soil Shrinkage
Characteristic Curves determined on soil samples having the same geometry as those used
for MSTEP experiments (Crescimanno & Provenzano, 1999) will be used to incorporate
shrinkage in the estimated hydraulic parameters/functions,

Swelling/shrinking clay soils in the saline/sodic environment

Sodium in the exchange complex may negatively affect soil structure, and aggregate
stability (Abu-Sharar et al., 1987a; Baiamonte and Crescimanno, 1997), causing swelling
(Murray and Quirk, 1980), dispersion of the clay particles (Shainberg et al., 1981), and
slaking of unstable aggregates (Abu-Sharar et al., 1987b; Agassi et al., 1981).

An Exchangeable Sodium Percentage (ESP) greater than 15 (US Salinity Laboratory, 1954)
is considered to affect the soil structural and hydraulic characteristics, but some
investigations suggested that this concept of “critical threshold” may need reconsideration,
because soil degradation can take place even at low ESP values in dilute solutions (Quirk
and Schoefield, 1955; Shainberg et al., 1981).
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CGeneral Introduction

Determination of quantitative relationships between soil (structural and hydraulic)
propertics and ESP is necessary to develop management strategiecs aimed to combat and
prevent degradation of soil quality.

Analysis of the response of clay soils to ESP values up to 15, in terms of structural and
hydraulic characteristics will be investigated in this study to verify existence of critical
ESP threshold(s), or the hypothesis of a continuous soil behaviour at increasing ESP(s).

Water and solute transport in saline/sodic clay soils

Irrigation with saline-sodic waters is practiced in Sicily in many areas where these waters
represent the only source of available water; clay soils with variably swelling/shrinking
properties are widespread in these areas (Crescimanno and Provenzano, 1995). Great
" attention is focused in Sicily on the possible environmental adverse effects of irrigation
such as secondary salinization and sodification (Crescimanno et al., 1995b; Baiamonte and
Crescimanno, 1997).

Evaluation of the influence that reductions in hydraulic conductivity due to salinity and/or
sodicity may have on water transport in the soil-crop system will be achieved by
application of the LEACHM model (Wagenet and Hutson, 1992), simulating water flow
and crop conditions. The possibility to use LEACHM to predict the hazard of salinization
and/or sodification will be also explored in a Sicilian profile where irrigation with
saline/sodic waters is a current practice.

Bypass flow as a relevant term in the water balance under Mediterranean conditions
The relevance that bypass flow, i.e. “the rapid transport of water and solutes via macropores
or shrinkage-cracks to subsoil and to groundwater (Bouma, 1991)”, may have on water
flow, solute or pesticide transport is becoming increasingly recognized (Ahuja et al., 1991;
Stenhuise and Parlange, 1991). In structured soils bypass flow is dominated by soil
hydrological processes, such as rain intensity, initial pressure head of the soil, surface
storage of rain, and hydraulic conductivity of the soil matrix. Bypass flow occurs when,
during a rain event, rainfall intensity is higher than the adsorption capacity on the soil
surface (Booltink et al., 1993). Magnitude of bypass flow processes can be particularly
relevant in some Mediterranean climatic contexts characterized by high values of the
rainfall intensity, low amounts of the annual rainfall, high values of the rainfall intensity,
and clay soils with a low hydraulic conductivity.

In this study, assessment of the relevance of bypass flow as a term of water balance will be
performed by a simulation model accounting for shrinkage/cracks and predicting bypass
flow under specific soil and climatic conditions {Bronswijk, 198R). Using these models the
influence of neglecting bypass flow on water transport and crops (evapo)transpiration will
be evaluated.

Influence of bypass flow on salt-accumulation and salt- leaching in cracking soils

When saline/sodic waters are used for irrigation, conjunctive or alternated use of differents
quality irrigation waters can be applied to reduce salt-accumulation in the root zone through
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Chapter 1

adequate leaching (Prendergast, 1995), and to keep the cationic concentration (C) of the
pore solution at thresholds compatible with the crops tolerance (Maas, 1990).

However, in clay soils high velocity fluxes travelling through cracks may have less
opportunity than slower moving water to leach salts from the root zone. Little work has
been done to determine the extent at which bypass flow contributes to leaching of salts in
the root zone (White, 1985). In order to simplify calculations of water loss below the root
zone, some researchers assumed that bypass flow does not contribute to leaching (van der
Molen, 1973; Thorburn and Rose, 1990). Yet in one field experiment on a heavy clay soils,
it- was suggested that bypass flow provided the primary mechanism for leaching (Mclntire

et al., 1982a,b).

The role of bypass flow on salt-accumulation and salt-leaching will therefore be
investigated in this study in order to find management practices that are suitable to prevent
salinization and sodification in cracking soils.

Sustainable management of irrigation in cracking seils

Sustainable management of irrigation in cracking soils should take into account the
occurrence of bypass flow and the influence that land use may have en soil structure and
bypass flow phenomena.

The sprinkler irrigation system is recognized to induce deterioration in soil structure
because of clay dispersion, compaction under raindrop impact and surface sealing (Al-
Quinna and Abu-Awwad, 1998).

Clay dispersion and migration of the detached particles may affect soil structure
{Baiamonte and Crescimanne, 1997) and modify (macro)pores distribution, decreasing the
soil hydraulic conductivity (Crescimanno et al,, 1995; Lima et al. 1990), thereby affecting
water flow and/or solute transport (Crescimanno and lovino, 1995; McCoy and Cardina,
1997).

Flow patterns associated with bypass flow can be morphologically characterized using
tracers such as methylene blue (Bouma and Dekker, 1978; Booltink and Bouma, 1991).
Bypass flow can be measured in undisturbed soils columns under different rates of water
application (Booltink et al., 1993).

Research is focused in this study wether coupling morphometric techniques with outflow
measurements can be useful to investigate the effect of different irrigation systems on the
macropores/cracks distribution and on the bypass flow behaviour of cracking soils, and to
find sustainable management options in areas susceptible to desertification,

Research objectives

This thesis aims to contribute to hydrological and environmental research focused on
prevention of land degradation and desertification in arid and semi-arid regions, with
special attention to specific conditions occurring in Sicily, where a project funded by the
EU is currently running (Crescimanno, 1998). Objective of the project is to derive
management options and associated methodologies suitable to control and to prevent the
extent of salinization and sodification in areas irrigated with saline/sodic waters.
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General Introduction

The thesis is structured into three main parts. Part 1 focuses on the development of
laboratory methodologies suitable for determination of basic soil physical/hydraulic
properties. Part 2 focuses (i) on the interaction between salinity and sodicity and soil
physical properties and (ii) on the analysis of water and solute transport in cracking soils.
Part 3 focuses on a combination of laboratory techniques and field investigations with the
purpose to derive sustainable management options suitable to prevent land degradation.

Specifically, in Part ! (Chapters 2 and 3), measurement techniques suitable to measure
shrinkage properties in clay soils and to determine hydraulic parameters/functions
accounting for structural porosity and volume changes are developed.

In Part 2 (Chapters 4 and 5), (i) the influence of salinity and sedicity on soil structural and
hydraulic properties of two Sicilian Vertisols is assessed by using measurement techniques
developed in Part 1. The influence of salt-affected hydraulic characteristics (HC) on water
transport is evaluated by a physically-based simulation model; the chemistry version of the
same model is then used to predict the hazard of salinization and sedification for a Sicilian
Vertisol irrigated with saline/sodic waters.

In Part 3 (Chapters 6, 7 and 8) the relevance that bypass flow may have on water transport
is analyzed under climatic conditions characteristics of a Mediterranean environment like
Sicily.

The role of bypass flow on the processes of salt-accumulation and salt-leaching is
investigated, and combined use of merphometric and physical techniques is used to explore
the effect of two different irrigation systems, i.e. drip and micro-sprinkler, on soil structure
and bypass flow phenomena of a Mediterranean cracking soil. ‘

Oatline of the thesis

In Chapter 2 (Crescimanno and Provenzano, 1999), differences between the SSCC obtained
on resin-coated natural aggregates (volume V= 20-30 ¢m’) and on cylindrical confined
cores having a volume (650 cm’} which is close to the volume of the cores used for HC
laboratory determination, are investigated using twenty-cne Sicilian soils of variable
shrink/swell behaviour.

In Chapter 3 (Crescimanno and Iovino, 1995; Crescimanno and Baiamonte, 1999), the
applicability of the inverse method based on one-step and on multi-step outflow
experiments for determining the soil water characteristic curve O(h) and the hydraulic
conductivity/water content K(0) functions, is investigated for some Sicilian cracking soils.
An optimization procedure based on MSTEP experiments and incorporating some
measurements of the saturated/unsaturated hydraulic conductivity performed by the Suction
Crust Infiltrometer Method (SCIM) is then explored to account for the influence of
structural porosity in clay soils.

In Chapter 4 (Crescimanno et al., 1995) the response of two Sicilian Typic Haploxererts to

ESP values up to 15 is evaluated, at a low cationic concenfration, in order to verify if a
critical ESP threshold can be found, or if the hypothesis of a continuous behaviour is more
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appropriate. The investigation is focused on aggregate stability, rating of soil shrink-swell
potential and on both saturated and unsaturated hydraulic conductivity.

In Chapter 5 (Crescimanno, 2000) the influence of salt-affected soil hydraulic
characteristics on water transport in the soil-crop system, is explored by application of the
water flow version of the simulation model LEACHM (Wagenet and Hutson, 1992). The
possibility to use the LEACHM model to predict the hazard of salinization and sodification
connected with the use of saline/sodic waters is then explored and a comparison between
predicted and measured values is performed for a Sicilian Vertisol.

In Chapter 6 (Crescimanno and Provenzano, 2000) the relevance of bypass flow as a term
of the water balance under climatic conditions such as those occurring in a Mediterranean
region as Sicily, is analysed by application of the FLOCR model (Oostindie and Bronswijk,
1992). These climatic conditions are characterized by high rainfall intensities, low annual
rainfall and high rates of maximum evapotranspiration. The influence of bypass flow on
water balance and on the hazard of land degradation and desertification is quantified.

In Chapter 7 (Crescimanno et al,, 2000) the role of bypass flow in the process of salt-
accumulation and/or salt-leaching in a Sicilian cracking soil where irrigation with saline-
sodic waters is practised is investigated to check (i} if alternated application of high salinity
and low salinity waters is effective for preventing the hazard of salt-accumulation and (ii)
to explore the role of cracking in the process of solutes and Sodium removal under the
occurrence of bypass fluxes.

In Chapter 8 (Crescimanno et al., 2000) the influence of two different irrigation systems,
i.e: drip and micro-sprinkler, on soil structure and bypass flow phenomena is studied. Field
application of methylene blue and laboratory measurements of bypass flow is used to
investigate the effect of the two irrigation systems on the macropores/cracks distribution
and on the bypass flow behaviour of a Sicilian cracking soil under the two irrigation
systems.
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Soil Shrinkage Characteristic Curve in clay soils: measurement

and prediction

@. Crescimanno and G. Provenzano
Universitd di Palermo, Dipartimento ITAF, Sezione Idraulica. Palermo, Italy

Abstract

Laboratory determination of soil hydraulic characteristics (HC) is performed on cylindrical
confined soil cores, while resin-coated small natural aggregates are prevalently used for
determining the Soil Shrinkage Characteristic Curve (SSCC). Because of the different
geometry and volume of clods and cores, incorporation of shrinkage in HC of clay soils
could be affected by the use of SSCC determined on natural aggregates or on confined
cores. '

The objectives of this paper were (i) to investigate differences between the SSCC obtained
on resin-coated natural aggregates (volume V= 20-30 cm’) and on cylindrical confined
cores having a volume (650 cm) close to that of cores used for HC laboratory
determination; (ii) to test the performance of different models proposed for analytical
mterpretation of the SSCC and (iii} to derive regression equations predicting the SSCC
from routinely measured soil physical properties.

Using twenty-one Sicilian seils of variable shrink/swell behavior, we found significantly
larger specific volume (v), indicating less shrinkage, in the cylindrical confined cores. The
mmvestigation also proved the good fitting of a two-line model to the measured SSCC, and
the possibility to predict the basic shrinkage line from the clay content.

These results suggest that incorporation of shrinkage in HC of clay soils should be based on
the SSCC measured or predicted on cores with geometry and dimensions as those used for
routine laboratory measurement of HC.

Introduction

Swelling/shrinking clay soils change volume (V) with changes in water content (Murray
and Quirk, 1980), and during dry periods extensive cracks will form in the field
(Bronswijk, 1990). These volumetric changes cause modifications in the geometry of some
if not all the soil pores (Berndt and Coughlan, 1976), affecting the bulk density/water
content relationship (Allbrook, 1992), and soil mechanical properties (Yong and
Warkentin, 1975).

An important consequence of shrinkage is the preferential transport of water and solutes via
shrinkage-cracks to subsoil and to groundwater (Beven and Germann, 1982).

Mitchell (1992) proposed to express the volume changes by the relationship between
specific volume of soil clods per unit mass of soil (v) and gravimetric water content (U),
defining this relationship the Soil Shrinkage Characteristic Curve (SSCC).
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Chapter 2

Assessment of soil volume change as a function of water content has been the subject of
much research (Chan, 1982; McGarry and Malafant, 1987; Dasog et al., 1988; McGarry,
1988; Mitchell and van Genuchten, 1992).

Different methods have been proposed to determine the SSCC. The method proposed by
Brasher et al.(1966), based on the use of resin-coated natural aggregates, represents a fast
and widely used measurement technique (Reeve et al., 1980; McGarry and Daniells, 1987,
Bronswijk and Evers-Vermeer, 1990; Crescimanno et al,, 1995), The measurement of
surface subsidence and horizontal shrinkage, which is time-consuming compared to the use
of resin-coated aggregates, has been used less frequently. This measurement includes
undisturbed soil cores (Yule and Ritchie, 1980a), large lysimeters (Bronswijk, 1990) or
measurement under field conditions (Mitchell and van Genuchten 1992),

There is an increasing evidence of the influence that swelling-shrinkage processes may
have on measurement of soil hydraulic characteristics, HC, (Bouma, 1983; Bronswijk,
1988). The need for incorporating soil deformation in the hydraulic parameters estimated
by inverse techniques based on the evaporation or on the outflow method was recently
confirmated by Garnier et al.(1997).

Procedures for incorporating volume changes in soil HC were proposed by Kim et
al.{1992b), using the evaporation method, and by Crescimanno and Tovino (1995), using the
parameter estimation method based on multi-step outflow experiments. In these studies,
the SSCC was determined by separate experiments performed on small resin-coated
aggregates, while both the evaporation and the outflow method are based on use of
cylindrical confined cores with a volume ranging from 283.7 to 652.6 cm’.

Comparisons between SSCCs determined on small or larger confined cores (Yule and
Ritchie 1980a, b) or under laboratory or field conditions (Mitchell and van Genuchten,
1992), showed differences in the SSCCs according to the volume of the soil samples used.
No comparisons appear to have been performed between SSCCs measured on resin-coated
aggregates and confined cores, the determination of which could be affected not only by the
larger volume of the cores, but also by the different geometry and by the action of the
inflexible ring containing the samples compared to the flexible resin wrapping the clods.
Different models have been proposed for describing the SSCC: (i) the Three-Straight-
Lines-Model {TSLM) (McGarry and Malafant, 1987); (ii) the Logistic model (LM)
{(Nelder, 1961, 1962) and (iii} the model proposed by Kim et al. (KM) (1992a).

The TSLM has mathematical properties which are consistent with the physical conditions
operating within each of the three shrinkage zones, and the derived parameters have a
physical meaning (McGarry and Malafant, 1987).

The TSLM (Fig. 1) is represented by the following equations:

v=k + nU UA<U<UB (1b)
v=y+sU Up<U<Ug (lc)

where:
-r,nand s are slopes of the SSCC in the residual, basic and structural zones, respectively;
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-U,, Us and Us represent the residual inflexion point, structural inflexion point and
saturated water content, and ¢, k and y are empirical constants.
The TSEM reduces to a two-line model if structural shrinkage is absent or negligible, as
often observed (McGarry and Daniells, 1987). In this case the structural inflexion point (U,)-
coincides with the saturated water content (Us). .
The Logistic Model (LM} represents the SSCC by an "S” shaped continuous curve with a
gradual flattening of the relationship at either end and with a relatively straight section in
between, corresponding to the basic shrinkage zone.
The equation is:

c

vat 1+ exp[—b(U—m)] (2)

'_Jvhere a, b, ¢ and m are empirical constants.
The model proposed by Kim et al. (KM) is represented by the following equation:

b= la 1 yy @

py  pyexpla’p U]

with p, particle density (Mg/m3) and a’, o’ and b’ empirical parameters.
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Fig.1 General form of the Three-Straight-Lines-
Model (TSLM} with the three shrinkage phases.
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Adapting an equation to the (U,v) experimental values is useful not only for analytical
interpretation of the SSCC but also for exploring the possibility of relating the models’
parameters to routinely determined soil physical properties, in order to predict the SSCC.
The literature reports relationships between the volume change (AV) or the coefficient of
linear extensibility {COLE) and soil physical properties (De Jong et al., 1992; Parker et al.,
1977; Schafer and Singer, 1976), but no attempts appear to have been made to relate the
models’ parameters to soil physical properties,

The objectives of this paper were (i) to compare the SSCC determined on natural
aggregates to that obtained on confined cores having the same geometry and approximately
the same dimensions as those used for laboratory determination of soil hydraulic
characteristics; {ii) to test the performance of the TSLM, LM and KM models for the
analytical interpretation of the SSCC; (iii) to investigate the p0551b1hty of predicting the
SSCC from routinely measured soil physical propemes

Materials and methods

Twenty-one soils belonging to seven Sicilian irrigated areas were considered. Table 1!
reports the classification and some physico-chemical characteristics of these soils.

Large undisturbed clods, sampled at a water content approaching field capacity, were
equilibrated at a matric pressure of -0.2 kPa in a Stakman apparatus (Stakman et al., 1969).
Three small aggregates were extracted from each large saturated clod. The aggregates, each
representing a structural elementary unit, with a volume variable between 20 and 30 cmt’,
were immersed in SARAN F-310 resin (Brasher et al., 1966), using a resin to solvent ratio
1:5 (wiw).

The SARAN-coated clods were air-dried for about one hour and then re-saturated in the
Stakman apparatus. By weighing in air and under water, both the weight and volume of the
clods were determined non destructively at different stages of shrinkage. When weight
losses became negligible, the SARAN-coated clods were oven-dried in order to determine
final dry volume and dry weight.

The S8SCC curve was expressed as specific volume v (m*/Mg'), which is the reciprocal of
the bulk density pb (Mg/m™), vs. gravimetric water content U (Mg/Mg").

Ten soils, representative of different textural classes, were chosen for measurement of
vertical and horizonta! shrinkage (Yule and Riichie, 1980a). Two replicated undisturbed
soil cores, measuring 11.5 em in height and 8.5 cm in diameter, were sampled on the same
dates as the large undisturbed clods with a thin-wall hydraulic sampler, and equilibrated at a
malric pressure of -0.2 kPa in the Stakman apparatus.

Vertical shrinkage {Az) was determined daily during the drying period by measuring nine
marked surface positions with a dial vernier caliper bolted to a fixed bar. A microswitch,
glued to the shaft of the caliper, which could be read to a precision of 0.1 mm., was
activated by contact with the soil surface. The weight of the cores was recorded daily.
When the cores were approaching air-dryness, the steel tube was removed and the
circumference of the core was measured with a {flexible tape. Finally, the cores were oven-
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dried and Az was re-measured.
The geometry factor (r,), which accounts for the relative amount of the vertical shrinkage
caused by the changes in total volume shrinkage (AV), was determined (Rijniersce, 1983):

AV
logl 1——~
) °g( V]

i log[lvé’i) )

z

where V (cm3) and z {cm) are initial volume and height respectively.

Table 1 - Classification and main physico-chemical characteristics of the soils studied

Soil Classificationt Horizon Clay Silt Sand OMtt CEC§
(%] (%) [%] (%] [cmol/kg]

DELIA 1 Typic Haploxerert Ap(0-30cm) 57 35 8 3,55 39,2

DELIA 1 Typic Haploxerert Al (30-60em) 64 29 7 379 41,3

DELIA 2 Calcixerollic Xerochrepts Apl (0-20cm) 26 17 57 0,87 19,6
DELIA 2 Calcixerollic Xerochrepts Ap2 (20-65¢m} 28 21 51 1,09 18,1

DELIA 3 Vertic Xerofluvent Ap (0-20em) 22 (1 67 1,16 22,5
DELIA 4 Typic Xerofluvent Ap (0-30cm) 22 19 59 0,84 250
DELIA 5 Typic Xerochrepts Ap(0-30em) 35 26 39 142 29,0
DELIA 6 Typic Rhodoxeralfs Ap(0-30cm) 18 34 48 1,65 25,0
GELA 1 Typic Haploxerert Ap(0-27cm) 54 27 19 347 35,3
GELA | Typic Haploxerert Al(27-60cm) 57 24 19 1,21 34,1
GELA 2 Typic Xerofluvent Apl(0-20cm) 21 14 65 0,66 31,9
GELA 3 Typic Chromoxerert Ap(0-30em) 60 22 18 1,27 47,2
GELA 4 Typic Xerofluvent Ap(0-30cm} 29 19 52 0,91 25,0
GELA 5 Vertic Xerofluvent Ap(0-30cm) 50 23 27 0,64 45.0
GELA 6 Typic Chromoxerert Ap(0-30cm) 42 34 24 1,37 31,6
GELA 7 Typic Pelloxerert Ap(0-30em) 46 28 26 1,30 34,1
GIBBESI 14 Vertic Xerochrepts Ap(0-40cm) S50 30 20 0,88 n.d.
GIBBESI |5 Calcixerollic Xerachrepts  Ap (0-20ecm) 20 40 40 1,68 n.d.
GORGO 1 Typic Chromoxerert Ap(0-13em) 41 26 33 244 30,6
GORGO 1 Typic Chromoxerert Al(13-30em) 42 29 29 210 25,9
GORGO 2 Typic Xerofluvent Ap(0-12cm) 16 12 72 061 25,0
MISILMERI Typic Xerochrepts Ap(0-30cm) 53 30 17 1,27 28,4
TIMETO 8 Typic Xerochrepts Ap(0-30cm) 57 25 18 235 45,0
TIMETO A3 Typic Xerochrepts Ap(0-30cm) 41 20 39 [,20 32,8

ZAFFERANA 1 Typic Chromoxerert Ap(0-35cm) 44 32 24 274 38,1
ZAFFERANA | Typic Chromoxerert Al (35-70cm) 45 28 27 2,76 36,9

1t Soil Taxonomy (Soil Survey Staff, 1992)
tt OM = organic matter
§ CEC = cation exchange capacity

n.d. = not determined
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The Az values measured during air-drying together with the determined rs were used for
calculating the total volume shrinkage (AV) corresponding to each U value, and the specific
volume v at fixed U.

Models (1), (2) and (3) were fitted to the (U,v) values obtained on the replicated clods of
the different soils (Systat, 1992) and their performance was evaluated by comparing the
Residual Mean Square (RMS) associated with each fitted equation, accounting for the
number of parameters in each equation. The same analyses were performed on the (U,v)
values obtained on the replicated cores. Further analyses were based on the results of the
best fitting model (BFM),

Table 2 - Residual Mean Square (RMS) associated with the TSLM,
with the LM, and with the KM fitted to specific volume (v) vs.
gravimetric water content U {clods)

Sail Nt - 10° RMS

TSLM LM KM

DELIA 1 a 16 0,072 e 0,118
DELIA 1 b 47 0,358 1,166 1,265
DELIA 2 a 27 0,083 0,237 0,213
DELIA2b a5 0,225 0,589 0,463
DELIA 3 20 0,074 0,095 0,101
DELIA 4 30 0,221 0,505 0,452
DELIA 35 41 0,116 0,500 0,471
DELIA 6 40 0,216 0,700 0,930
GELA la 16 0,030 0,024 0,054
GELA 1 b 44 0,048 0,213 0,686
GELA Za 39 0,309 0,833 0,952
GELA 3 58 0,138 0,765 1111
GELA 4 27 0,049 0,180 0,174
GELA S 30 0,105 0,421 0,426
GELA 6 20 0,530 0,714 0,659
GELA 7 29 0,239 0,489 0,540
GIBBESI 14 30 0,049 0,124 0,290
GIBBESI 15 29 0,270 0,372 0,504
GORGO 1 a 16 0,114 0,059 0,054
GORGO 1 b 48 0,102 0,311 0,296
GORGO 2 29 4,206 0,392 0,361
MISILMERI 26 0,324 1,008 0,391
TIMETO 8 44 0,187 0,570 0,535
TIMETO A3 58 0,061 0,284 0,339

ZAFFERANA la 16 0,115 0,114 0,165
ZAFFERANA 1b 45 0,197 0,705 0,682
0.L714F  0.442fF  0.4901T

+ N=number of measurements
*1 average
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For each soil, the significance of the differences between the SSCCs measured on clods and
on cores was analysed by ANOVA performed on the BFM parameters.

The possibility of predicting the SSCC from routinely determined physico-chemical
properties was investigated by simple and multiple regression equations (Statistix, 1994)
between the parameters of the BFM and the following variables: clay content (C), organic
matter (OM), cation exchange capacity (CEC).

The accuracy of the predictive equations was tested by analysing the significance of the
differences between the v measured and those predicted, at fixed U.

Results and discussion

Table 2 reports the Residual Mean Square (RMS) associated with the TSLM, the LM and
the KM fitted to the replicated clods of the different soils. Table 3 reports the results
obtained on the confined cores.

Tables 2 and 3 show the best performance of the TSLM with regard to the LM and the KM,
the poorer fit to the data being that of the KIM.

Table 3 - Residual Mean Square (RMS) associated with the TSLM,
with the LM, and with the KM fitted to specific volume (v) vs.
gravimetric water content U (confined cores)

Soil Nt 10° RMS

TSLM LM KM

DELIA 1 a 23 0,055 0,396 0,464
DELIA 1 b 20 0,364 0,331 0,379
DELIA 2 a 41 0,237 0,223 0,232
DELIA 3 20 0,073 0,078 0,074
DELIA 4 30 0,228 0,386 0,229
DELIA 5 24 0,108 0,109 0,111
DELIA 6 20 0,137 0,145 0,147
GELA 6 2 0,042 0,075 0,109
GELA 7 24 0,156 0,171 0,166

ZAFFERANA 1 a 21 0,112 0,173 0,176
015111 0209t 0.2081%
+ N=number of measurements
1+ average

Figures 2a and 2b illustrate some examples of the TSLM and of the LM fitted to the (U,v)
measured on the clods of two soils. The KM model is also represented for sake of
comparison. Figures 3a and 3b illustrate the same models fitted to the (U, v) measured on
the confined cores of the same soils,
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Fig.2 (a,b). Three-Straight-Lines-Model (TSLM), Logistic Model (LM) and
model propesed by Kim (KM) fitted to the (U,v) values measured on clods.
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U (Mg/Mg)
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0,30
U (Mg/Mg)

No structural shrinkage was observed in the SSCCs measured either in clods or in cores,
with the consequence that the structural inflexion point (Uy) was coincident with the
saturated water content (Us), and that the TSLM reduced to a two-line model (2-L).

Figure 4 illustraies some comparisons between the (U,v) values measured on clods and
cores. Larger v values, indicating less shrinkage, were found in the confined cores, except
for U close to the saturated water content (Us).

Table 4 reports the parameters obtained by fitting the TSLM to the (U,v) values measured
on the clods. Table 5 reports the parameters obtained by fitting the TSLM to the (U,v)
values measured on the cores, together with the geometry factors, with values generally
lower than 3, indicating anisotropy in the shrinkage process.
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Fig. 3 (a,b). Three-Straight-Lines-Model {TSLM), Logistic Model (LM)
and model proposed by Kim (KM) fitted to the (U,v) values measured on

cores.
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ANOVA and mean separation (Tukey test, P=0.05) performed on the TSLM parameters
showed the existence of significant differences in the n (slope of the basic shrinkage line)
and o (v value at U=0) obtained on clods and cores. No significant differences were found
between the remaining TSLM parameters obtained for clods and cores.

The systematically lower n and larger o found for the confined cores indicate that the
confined cores shrank less than the clods. '
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Table 4. Parameters obtained by fitting the Three-Straight-Lines-Model
{TSLM) to the U,v values measured on the clods

Seil TSLM model

o r n UA Uh:US

mJ Mg-l mJ Mg-l m} Mg-l m3 Mg-l m3 Mg-l

DELIA 12 0,51 0,02 0,90 0,099 0,500
DELIA I b 6,49 0,17 0.83 0,044 0,435
DELIA2a 0,49 6,05 0,74 0,033 0313
DELIAZ Db 0,50 0,00 0,77 0,066 0,284
DELIA 3 0,52 0,18 0,58 0,014 0,318
DELIA 4 0,52 0,01 0,64 0,045 0,304
DELIA 5 0,49 0,06 0,79 0,057 0,321
DELIA 6 0,51 0,17 0,78 0,061 0,360
GELA 1a 0,51 0,02 0,84 0,081 0,349
GELA | b 0,54 0,01 0,93 0,093 0,308
GELA 2 0,53 0,09 0,65 0,058 0,346
GELA 3 0,56 0,04 0,93 0,117 0,327
GELA 4 0,51 0,00 0,76 0,057 0,332
GELA 5 0,55 0.02 0,91 0,109 0,461
GELA 6 0,54 0,17 0,71 0,051 0,405
GELA 7 0,55 0,21 0.71 0,085 0,391
GIBBESI 14 0.55 0,17 0.38 0,122 0,480
GIBBESI 15 0,53 0,18 0,76 0,041 0,487
GORGO 1 0,51 0,02 0.76 0,053 0,305
GORGO 1 0,49 0,43 0,69 0,018 0,305
GORGO 2 0,51 0,18 0,48 0,023 0,247
MISILMERI 0,51 0,11 0,92 0,116 0,359
TIMETO 8 0,51 0,13 0,96 0,090 0,349
TIMETO A3 0,50 0,13 0,74 0,079 0,299
ZAFFERANA 1 2 0,53 0,11 0,82 0,078 0,395
ZAFFERANA 1 b 0,49 0,08 0,82 0,061 0,405

The different behavior of clods and cores could have been caused by the action of the
inflexible ring upon sampling and later .during saturation. Both clods and cores were
sampled at a water content lower than the saturated water content (Ug). The confining
action of the constrained boundary, along the undeformable steel ring, could have
determined unidimensional rather than isotropic swelling, causing anisotripc shrinkage in
the confined cores.

This hypothesis is supported by the geometry factors (r,) measured at the end of the
shrinkage process. These were generally lower than 3, indicating that the height
deformation in the cores was greater than the diameter deformation. :
However, the n and ¢ values obtained by fitting the TSLM model to the (U, v) values
obtained by assuming r, equal to 3, were still significantly different from those
determined on the clods, indicating that anisotropic shrinkage was not the unique reason
for the different shrinkage behavior observed in the clods and in the confined cores.

34



Soil Shrinkage Characteristic Curve in clay soils: measurement and prediction

> g Qo data
Y )

NE:
&

|

;

000 010 020 030 040 050 060
U (MgMp)

1,00 1,00 ,
[Delia 4] / Delia 6|
0.50 — o 0.90
080 | ,/ 0.80 ;,/
F00 i = g0 oo
e @ o datz O dat
>0 6 o7 5 af >0 " / ata l—
’ 8.‘33 it // ——— predicted ¥ ! /7 wmneme predicted
05 M——m—p—r—— 1 - emvelope 0,50 = ------- pvelope
/ — 1 / —1l
0,40 0,40
000 010 020 030 040 050 060 000 010 020 030 040 050 060
U (Mg/Mg) U (Mg/Mg)

Fig.4. Comparisons between (U, v} values measured on clods and confined cores.

Another possible explanation for the lower shrinkage of the confined cores could be a
different structural arrangement and porosity of the clods and cores. Natural aggregates
tepresent ¢lementary structural units, with inter-clod porosity which is likely to be absent or
occasionally present. The confined cores represent an arrangement of various elementary
units, with the inter-clod pores likely to be present, besides the intra-clod pores.

This explanation can be considered consistent with the findings of Mitchell and van
Genuchten (1992), who attributed differences in shrinkage behavior of undisturbed cores
extracted from cropped and fallow fields to differences in soil structure and porosity. They
found less shrinkage in cores from the cropped field, which they attributed to stable voids
caused by root anchoring, absent in cores from fallow fields.
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Fig.5. Soil Shrinkage Characieristic Curve (SSCC) indirectly determined by
eq-5b with the associated range of variability, and (U, v) values measured on
confined cores.
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Another reason for the lower shrinkage of confined cores could be the re-orientation of clay
particles caused by shear stresses along the sample walls and occurring during sampling.
The re-orientation of clay particles could have been another factor preventing the confined
. cores from assuming the minimum possible configuration and volume.
With reference to the possibility of estimating the TSLM parameters indirectly from soil
physical properties such as clay content (C), organic matter (OM) and cation exchange
capacity (CEC), significant (P=0.001) linear regression equations predicting the slope (n) of
the basic shrinkage ling from (C) were found using measurements obtained on clods and on
confined cores:

n=0.5354+ 0.0062 C (clod data) (5a)
r=0.78"" SEE=0.0739 RMS=0.0054
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n=0.0494 + 0.0116 C r=0.90"" (core data) (5b)
SEE=0.0930 RMS=0.0087

where r is the correlation coefficient, SEE the Standard Error of Estimate, and RMS  the
Residual Mean Square, accounting for the number of independent variables.

Table 5. Parameters obtained by fitting the Three-Straight-Lines-Model (TSLM) to
the U,v values measured on the cores

Soil TSLM model
a r n Ua Up=Us |
m Mg?T mMg' wMg' mMg' —m' Mg

DELIA 1 a 0,60 0,09 0,63 0,091 0,497 2,91
DELIA1 b 0,51 0,10 0,82 0,067 0,425 3,05
DELIA2a 0,61 0,03 0,34 0,086 0,322 2,67
DELIA 3 0,65 0,23 0,18 0,044 0,329 2,80
DELIA 4 0,56 0,44 0,34 0,089 (0,304 2,88
DELIA 5 0,55 0,14 0,60 0,102 0,328 - 3,15
DELIA 6 0,70 0,00 0,28 0,125 (0,390 2,49
GELA 6 0,66 0,05 0,43 0,074 0,430 2,59
GELA 7 0,62 0,22 0,57 0,136 0,482 3,06
ZAFFERANA 1 a 0,56 0,08 0,67 0,080 0,364 2,88

The possibility of improving n prediction was investigated by using CEC as an additional
independent variable. The equation predicting n from C and CEC were:

n=10.5017 + 0.0061 C+ 0.0010 CEC (clod data) (6a)
=082"" SEE=0.0749 RMS=0.0056
n=-0.1165+0.0063 C+ 0.0120 CEC (core data) {6b)
=0.92"" SEE=0.0918 RMS=0.0084

The obtained RMS indicated that eqs. (6a) and (6b) did not significantly improve the n
prediction. No improvement was obtained by regressing n vs. C and OM, or by regressing n
vs. C, OM and CEC.

Structural shrinkage being absent in the considered soils, the ability to predict n makes it

possible to predict the basic shrinkage line. In this specific case the v value at U=Uj is
located on the 1:1 theoretical line, and can be calculated as:
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WU )=Us +—— (7
]
The v(U) can be predicted by the following equation:
WU)=Ug ++n(U-Ug) (8)
Ps
Specific volume v at fixed U was calculated for all the soils by eq. (8), with n being
calculated by eq.(5a) for the clod data set, and by eq.(5b) for the core data set.
Upper and lower envelope curves delimiting the range of variability of the predicted v

values as a function of U were calculated accounting for the standard error of estimate
(SEE) associated with the predicted n, i.e.:

WU)=Ug + L +@za){U-Uy) (%)
Ps

Figure 5 illustrates for some soils the measured (U, V) values, and the v predicted by eq. (8)
together with the envelope curves calculated by eq. (9).
ANOVA performed for all the soils showed that the predicted v values at fixed U were
not significantly different from those measured. These results indicated that the accuracy
associated with the predicted v was comparable to the variability associated with the
measured v, proving the satisfactory performance of the predictive approach for an indirect -
determination of the SSCC.

Conclusions

This study showed significantly different SSCCs measured on small natural aggregates and
on cylindrical confined cores having dimensions close to those of samples used for the
determination of soil HC by routine laboratory techniques.

Less shrinkage was observed on the confined cores compared to clods. These results
suggest that SSCC determined on cylindrical confined cores should be used for
incorporating shrinkage behavior of clay soils in laboratory determined soil HC.
Furthermore, the investigation proved the good fitting of a two-line model to the
measured (U, v) values and the possibility of indirectly estimating accurately the
parameters of the basic shrinkage line. Predicting n from clay makes it possible to
indirectly estimate the SSCC in confined cores, the measurement of which is time-
consuming compared to that performed on resin-coated clods.

Further investigation will be performed in order to validate the predictive regression
equations by using independently determined SSCC. The reasons for the different
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shrinkage behavior of clods and confined cores need further investigation, also in order to
establish whether SSCC measured on clods or on confined cores influence dynamic and
practically relevant hydrological properties such as field cracking and preferential flow.
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Parameter estimation by inverse method based on one-step and

multi-step outflow experiments

G. Crescimanno and M. Iovino
Universita di Palermo, Dipartimento ITAF, Sezione Idraulica. Palermo, Italy

Abstract

The applicability of the inverse method for determining the soil water characteristic 9(h)
and the hydraulic conductivity/water content K(8) functions was investigated on two Typic
Haploxerert characteristic of the Sicilian environment.

Shrinkage behaviour of the two soils was analysed in order to verify if significant changes
in soil volume occurred during the outflow process.

One-step outflow experiments were performed, with comparisons between different
procedures analysed not only in terms of estimated average functions, but also from the
point of view of the uncertainty in the predictions, evaluated by a first-order analysis.
Multi-step outflow experiments were then performed and compared to results obtained by
the one-step method. The results showed that the 6(h) and K(8) functions deduced by
performing optimization on the outflow volume V vs. time t obtained from multi-step
experiments supplemented with three equilibrium 8(h) values were more reliable than the
8(h) and K(©) functions determined by performing optimization on the V(t) obtained from
one-step experiments supplemented with independently determined 8(h) values.

Introduction

Models simulating transport of water and solutes in unsaturated soil require the knowledge
of soil hydraulic properties, i.¢. the soil moisture characteristic curve 8(h) and the hydraulic
conductivity function K(8). A large number of field and laboratory techniques (Klute and
Dirksen, 1986) have been developed to determine soil hydraulic properties.

Laboratory methods are often preferred to in-situ techniques as they permit measurements
to be made simultaneously on many samples in a controlled environment, although the
small size of soil samples used may alter the effects that soil macropores or structural units
may have on hydraulic conductivity (Bouma, 1991).

The one-step outflow method (Passioura, 1976; Valiantzas et al., 1988; Mu'azu et al., 1990)
represents an attractive and routinely used laboratory measurement technique. Validation of
this method has been performed by comparisons with results obtained by other laboratory
and field measurement techniques, such as the evaporation method and the crust method
(Jaynes and Tyler, 1980; Borcher et al.,1986; Stolte et al., 1994).

Kool et al. (1985a; 1987) applied the inverse method (Zachmann et al., 1982; Hornung,
1983; Yeh, 1986) to determine simultaneously the B(h) and K(8) functions by minimizing
deviations between predicted and measured outflow volumes V obtained from a one-step
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outflow experiment supplemented with the soil moisture 0 at the final equilibrium pressure.
They validated the method on four soils with texture from sandy to clay (Kool et al,,
1985b). Further investigations with the inverse method evidenced the need for additional
8(h) data (Hudson et al., 1991; van Dam et al., 1992; Bohne et al., 1993) or tensiometric
measurements inside the sample (Toorman et al.,, 1992; Eching and Hopmans, 1993) to
overcome the problem of non-uniqueness of the solution.,

Yates et al. (1992) found that measured O(h) and K(©) functions oblained on a large number
of different textured soils corresponded well to the hydraulic functions determined with the
inverse method by a simultaneous estimation of five or six parameters.

van Dam et al. (1990) proposed multi-step outflow experiments as a valid alternative to
one-step. They concluded that the problem of non-uniqueness does not.occur in multi-step
if the periods between each pressure increase are such as to reach equilibrium with suction
in the ceramic plate. '

Mous (1993) analysed the identifiability of Richards’ equation and Mualem-van
Genuchten's equations with reference to one-step and multi-step experiments. He concluded
that the one-step model is numerically non-identifiable, while the multi-step function is
identifiable if no more than five parameters are simultaneously estimated.

Eching and Hopmans {1993) performed one-step and multi-step experiments on soils from
silty to loamy. They found that one-step and multi-step provided equally good results if in
both cases optimization was performed on outflow volumes supplemented with
simultaneously measured soil water pressure head data.

van Dam et al. (1994} compared the one-step and the multi-step approaches and concluded,
for a loam soil, that the outflow data of multi-step experiments contain sufficient
information-for unique estimates of soil hydraulic functions.

Despite the many investigations and validations performed on the inverse method based on
one-step outflow experiments (Kool and Parker, 1988; Mishra and Parker, 1989; Hopmans
et al., 1992; van Dam et al., 1992; Eching et al., 1994), there are still some uncertainties
about the feasibility of performing one-step or multi-step experiments and about the need or
not of additional measurements when multi-step experiments are performed. Furthermore,
the published comparisons between one-step and multi-step (Eching and Hopmans, 1993;
van Dam et al,, 1994) rely on accuracy of predictions rather than on evaluation of the
reliability of the estimated hydraulic functions.

In addition, a few results concern clay soils, whose hydraulic characterization involves
some specific problems connected to the presence of macropores (Beven and German,
1982), preferential flow (Bouma and Dekker, 1978) and changes in volume due to
swelling-shrinkage processes (Bronswijk and Evers-Vermeer, 1990).

Bouma (1983) emphasized the importance of selecting the proper measurement technique
as a function of soil texture and soil-structure, stressing the fact that in clay soils
preferential flow and swelling-shrinkage processes may severely affect the reliability of the
determined hydraulic properties.

Bronswijk (1988) quantified the effects of swelling and shrinkage on water transport in clay
soils, concluding that shrinkage cannot be neglected when clay soils are considered.

Kim et al. (1992) proposed to incorporate the changes in volume, determined by the
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