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3-D pore geometry as a function of rock weathering: a CT-analysis  
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Abstract 
An evaluation of geometrical pore parameters as influenced by rock weathering is helpful in understanding the 
development of soil. The objective of this study was to investigate three-dimensional (3-D) geometrical pore 
characteristics in rocks as affected by the degree of weathering. Rock fragments (clasts) from several moraines, 
ranging in age from 15-ky to 160-ky, were scanned using high-resolution X-ray computed tomography (CT) at 
39–42 µm resolution.  From each sample a 480×480×580 data block were extracted for analysis with 3-
Dimensional Medial Axis Rock (3DMA-Rock) computer software.  As weathering increased, samples 
developed more pores, and these pores were more extensively connected to other pores. Highly weathered 
samples had pores with the highest coordination numbers and characteristic coordination number constants. 
These parameters were significantly different from the un-weathered or partially weathered samples. More 
weathering also resulted in longer path lengths (PLs) and larger path length constants. PLs were < 2 mm for the 
un-weathered samples while partial and more fully weathered samples had values ranging up to 6 mm.  The 
average tortuosity values decreased from 2.34 to 1.30 with weathering. Results indicated that 3-dimensional 
analysis of pore geometry can be used to discriminate rock weathering as well as to better understand the spatial 
variations in pore parameters.  
 
Key Words 
Moraine, pore connectivity, pore coordination number, pore path length, pore tortuosity, thresholding 

 

Introduction  
Soil formation from rock weathering is an on-going process which can be evaluated over time (Buol et al., 
2003). Until recent years, weathering was extensively and intensively studied by examining physical and 
chemical changes in materials. These properties include changes in bulk density, porosity, texture, shape, form, 
surface features and chemistry. Although geometrical pore features affect the above properties, pore features are 
seldom examined at a high level of detail. Additionally, traditional procedures of pore evaluation are time 
consuming and provided no information on internal changes in the pore structure in 3-D as well as spatial 
differentiations within the structure. 
 
In contrast, higher-resolution imaging techniques at µm- or sub-µm-scale can provide information on spatial 
variation of pores and geometrical differences in pore structure during rock weathering. Tomographic image 
slices can be acquired with X-ray, γ-radiation, or nuclear magnetic resonance energy techniques. By assembling 
contiguous cross-sectional images into data volumes, the three-dimensional distribution and nature of porosity 
can be visualized using a process called volume rendering, and additional 3D analysis tools can be used to 
quantify porosity information and geometrical pore parameters for rock, soil, and porous materials. 
 
Quantitative information of rock weathering is required to improve our understanding of water and contaminant 
movement through materials, and to develop model parameters associated with fluid and gas transport. For 
example, Udawatta et al. (2008a) and Udawatta and Anderson (2008) compared medical X-ray CT-measured 
(190- by 190- by 500-µm) pore characteristics of various soils as influenced by soil management. These studies 
elucidated that number of pores, number of macropores, porosity, macroporosity, circularity, and fractal 
dimension of macropores correlated well with measured saturated hydraulic conductivity. In another study with 
images acquired at 85-µm resolution, pore tortuosity, connectivity, and other geometrical parameters correlated 
with management (Udawatta et al., 2008b).  Comparing differences in throat size, tortuosity, and path 
characteristics between micro aggregates at 3.2 to 5.4 µm resolution, Peth et al. (2008) differentiated 
conventional tilled and grass soils. Using rock samples, Lindquist et al. (2000) compared tortuosity, pore 
connectivity, pore-channel length, and throat and nodal parameters of Fontainebleau sandstone ranging from 
7.5% to 22% porosity.  
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The 5.7-µm resolution images distinguished sandstone material based on coordination numbers of nodal pores, 
and channel, pore, and throat parameters. However, the literature lacks 3-D evaluation of geometrical pore 
structure at µm resolution on rock weathering.  
 
According to Birkeland (1999), moraines are well suited for studying rock weathering chronosequences since 
soil forming factors such as parent material, topography, biota, and climate are approximately constant. Thus, 
transformations with time can be examined. Evaluation of geometrical pore parameters at µm resolution will 
improve our understanding of rock weathering and help predict water transport and storage during rock 
weathering. The objective of the study was to test the hypothesis that internal 3-D geometrical pore parameters 
change during rock weathering. Analysis compared pore connectivity, pore paths, and tortuosity on weathered 
clasts from moraines with 3DMA-Rock computer software.  
 
Materials and Methods 
The clasts analyzed in this study were collected from moraines in the eastern Sierra Nevada, California, USA. 
Cosmogenic 36Cl surface exposure dating has estimated that these materials were deposited between 15 ka and 
170 ka (Phillips et al. in press).   
 
Eight clasts were scanned at the High Resolution X-Ray CT facility at the University of Texas, Austin, USA. 
The X-ray scanner settings were 210 kV, 0.128 mA, with the intensity control set on, and with the high power 
mode using no filter. Slice spacing was 42 µm, and data for 25 slices were acquired in each turntable rotation. 
The raw data were corrected for X-ray fluctuations and ring artifacts prior to image reconstruction. Data were 
reconstructed as 1024×1024 16-bit TIFF images with a field of view of 40 µm, resulting in a pixel spacing of 39 
µm. Contiguous scans were stacked to render 3-D volumes.  To reduce edge effects, all samples were trimmed 
to 580 images, and then 480 by 480 pixel volumes were used for image analysis.   
 
The 3DMA-Rock software was used for 3-D quantification of pore characteristics (Lindquist and 
Venkatarangan 1999). A number of algorithms are implemented in the image analysis software to accomplish 
the six main steps: segmentation of image, extraction and modification of the medial axis of pore paths, throat 
construction using the medial axis, pore surface construction, assembly of pore throat network, and geometrical 
characterization of pore throat network. Analysis followed information outlined in Lindquist et al. (2005) and 
generated information for: number of branch clusters and associated number of paths; as well as corresponding 
probabilities for coordination numbers, path lengths, path tortuosity, pore volume, effective radii, throat area, 
and throat radii. Only pore connectivity, pore path lengths, and path tortuosity and probability densities 
associated with these three parameters are presented to differentiate pore characteristics as affected by the 
degree of rock weathering.   
 
Results  
The coordination number (CN) characterizes pore topology, the number of paths meeting at one node.  Figure 1 
shows that the 15 ky sample had no pores with higher coordination-numbers while the 160 ky sample had the 
largest number of pores with higher CNs. The probabilities associated with these pores were higher than the 
partially weathered samples. In support of these scanning results, Rossi and Graham (in press) used the same 
rock material and observed 0.06 to 0.01% porosity formation per 1000 yrs using the bulk density method. 
Although the scanning method underestimates porosity, which depends on scanner resolution and thresholding, 
the bulk density and scanning methods both depicted the same trend, i.e., porosity increased with age. Results 
show that as rocks weather, they develop pores with higher CNs, i.e., more connected pores. The exponential 
distribution between CN and probability density had r2 values between 0.62 and 0.92. Although the 
characteristic coordination number constant (Co) increases with more connected pores, the youngest sample 
with only a few pores resulted in a higher Co as compared to the two intermediate samples. This could be due to 
isolation of a smaller number of connected pores rather than sparsely distributed pores in the partially weathered 
samples.   
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Figure 1. Probability density distribution vs. coordination numbers for 15-, 90-, 120-, and 160-ky age moraine 
samples from Sierra Nevada, California, USA.  

 
Pore path lengths (PLs) ranged from 0.07 mm in the 15 ky sample to 6 mm in the other three samples (Figure 
2).  The 15 ky sample did not have PLs longer than 2 mm and they were significantly smaller than those of the 
other samples. Data also show that the 15 ky sample with smaller PLs had a narrower probability distribution 
range. Exponential relationships between the PLs and probability density resulted in the smallest path length 
constant (PLo) for the 15 ky sample (1.20) and the largest for the 160 ky sample (1.80). PLo values were in 
between for the moderately weathered samples (1.41 and 1.45). The exponential distribution resulted in r2 values 
ranging from 0.62 and 0.93. Similar to these results, Udawatta et al. (2008b) observed increasing PLo for more 
porous soils as compared to less porous row crop soils in a CT study comparing agroforestry buffer and row 
crop soils. The results of this study also show that highly weathered samples possess pores with longer PLs and 
the probability for those pores is larger than the un-weathered or partially weathered samples.   
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Figure 2. Probability density distribution vs. pore path length for 15-, 90-, 120-, and 160-ky age moraine samples 
from Sierra Nevada, California, USA.  

 

Average path tortuosity decreased with rock weathering (Figure 3). Among the ten evaluated samples, the 15 ky 
sample had the highest average tortuosity (2.34) while the weathered samples had lower average values. The 
number of paths also varied among treatments with values being seven for the 15 ky sample to 34 for the 160 ky 
sample. The probability for pore path tortuosity decreased with increasing path tortuosity. However, the 15 ky 
sample had higher probabilities for higher tortuosities while the 160 ky sample had lower probabilities for 
higher tortuosities. The cumulative probability distributions of path tortuosity showed distinct differences 
among the treatments.   
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Figure 3. Probability density vs. path tortuosity (solid points) and cumulative probability density (solid line) for 15- 

and 160-ky samples. Average path tortuosity values for the ten examined samples with sample age. 

 
Conclusions 
Characteristic distributions of geometrical pore parameters were compared as influenced by rock weathering.  
Pore coordination numbers, path lengths, and path tortuosity changed during rock weathering. As pore structure 
develops and evolves, pores become connected with more pores, path lengths increase, and pore tortuosity 
decreases. Probabilities associated with these parameters increased as weathering proceeds.  Results elucidate 
that analysis of high resolution images and 3-D visualization may assist in distinguishing geometrical pore 
parameters for better understanding of rock weathering. These results may help in predicting movement of 
liquids and gases within rocks as well as use of rock formations for storage of hazardous compounds. Future 
studies may be directed towards identifying a minimum set of parameters to discriminate gas and liquid 
transport through the material and understanding storage of hazardous materials for extended periods. 
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Abstract 
Continuous soil use and inadequate conditions in urban or rural zones cause soil degradation. This study aimed 
to investigate the recovery of a degraded Oxisol. The research was installed in 2004 in a degraded area by the 
removal of a 8.60 m layer soil for civil construction. The site is located in Selvíria, Mato Grosso do Sul, Brazil. 
The experimental design was a randomized blocks with three treatments, two depths and three replicates. The 
treatments were: degraded soil; native vegetation and Astronium fraxinifolium+Brachiaria decumbens+sewage 
sludge. Undisturbed soil samples were collected in soil layers: 0-5 and 5-10 cm. The aggregate soil morphology, 
physical and chemical properties analyzed were: images of the aggregates, aggregate stability, projected area, 
carbon, nitrogen, iron and aluminum. The conclusions were: aggregate morphology showed that sewage sludge 
associated the tree savannah species and grass contribute to soil re-structuring; the aggregate morphology 
analysis image was a indicative of structure quality. 
 
Key Words 
Organic matter, aggregate stability, structuring, soil degradation, carbon, sewage sludge 
 
Introduction 
Many tropical soils are degraded or at risk for degradation due to human activities, which diminishes their 
capacity to produce food, fiber and fuel. Natural rangelands and savannahs are particularly vulnerable for soil 
degradation because they may be perceived as having low value, compared to cultivated agricultural lands. The 
construction of a hydroelectric power station, led to the removal of a big layer of topsoil for building earthworks 
and foundations. Topsoil removal exposed subsoil with low fertility and poor physical structure, which poses a 
major constraint to natural revegetation of plants from the surrounding native savannah. Organic amendments 
such as sewage sludge could be used to rehabilitate this degraded site. Indeed, the application of 60 t ha-1 of 
sewage sludge, improved the growth of trees and leguminous crops planted on this degraded Oxisol (Alves et 

al., 2007; Campos and Alves, 2008). Sewage sludge can enhance plant productivity as it contains a considerable 
amount of N, P and traced elements. Organic matter from the sewage sludge, plant roots and microbial cells 
(e.g., extracellular polysaccharides, fungal hyphae) is essential for binding and forming soil aggregates, 
fundamental for the eventual development of soil structure and physical properties that resemble the natural soil 
conditions. The purpose of this study was to evaluate the aggregation of a degraded Oxisol that was restored 
with organic amendments or left in the degraded state, compared to natural soil conditions, using an approach 
based on micromorphology imaging and soil chemical analysis. This study was development in Selviria, Mato 
Grosso do Sul, Brazil. 
 
Methods 
The experiment was conducted at the Teaching and Research Farm of the Faculty of Engineering, Ilha Solteira 
Campus, Universidade Estadual Paulista (UNESP), located in Selvíria, Mato Grosso do Sul, Brazil (51o 22’W, 
20o 22’ S) at an elevation of 327 m above sea level. The annual average temperature is 23.5oC and the Köppen 
type climate is Aw (humid tropical climate, with rainy season in summer and dry in winter).   Annual rainfall is 
1370 mm, relative humidity is between 70 and 80% year-round. The soil under native savannah is a Typic 
Haplortox or an Orthic Ferralsol according to the FAO classification (FAO, 1998), and a clayey-loam texture 
(200-350 g kg-1 of clay). Clay mineralogy is dominated by gibbsite and kaolinite.  
The soils selected for this study came from experimental plots established on degraded soils in 2004 (two 
treatments selected) or from an adjacent area under native savannah that was not impacted by soil excavation in 
the 1960s. The experimental plots were laid out in a completely randomized block design with five soil 
restoration treatments and untreated, degraded soil as a control. Each plot was 150 m2 (15 m x 10 m) and the 
experimental treatments were replicated in five blocks in a total of 30 plots. One restoration treatment was used 
in this study, namely the Astronium fraxinifolium- Brachiaria decumbens-sewage sludge treatment. Briefly, 
plots were prepared by clearing the surface, subsoiling, plowing, harrowing and leveling, applying lime (2 t ha-1) 
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and sewage sludge (60 t ha-1, from a city treatment station handling mostly domestic waste in Araçatuba, São 
Paulo State, Brazil) in February, 2004. The perennial grass B.decumbens was planted to promote soil restoration 
and eventually serve as forage for grazing animals. Samples collected for this study came from three replicate 
plots of the following treatments: (1) the A. fraxinifolium- B. decumbens-sewage sludge restoration treatment, 
and (2) untreated, degraded soil. Three representative samples were also collected from (3) adjacent native 
savannah. 
Soils were collected in February 2008, four years after the establishment of the restoration treatment. Soil 
blocks (15 cm by x 15 cm) were removed from two layers: 0-5 and 5-10 cm. The initial size aggregates were 
passed in the 6 mm mesh and withheld the 4 mm. About 40 g of field-moist soil will be spread evenly on the 
largest sieve of a stack of sieves with openings of 4.0, 2.0, 1.0, and 0.25 mm. The soil properties were analyzed: 
total organic carbon and nitrogen (Skjemstad and Baldock, 2008) using the equipament NC Soil Analyzer – 
Flash 1112 Series EA; and analyzing surfaces aggregate image with scanning electron microscope-SEM 
(Goldstein et al., 2003). 
Data were analyzed by one-way analysis of variance, followed by a post-hoc Tukey test (P<0.05) for mean 
comparisons, using SAS software (1999).  Aggregate analysis data were transformed from % aggregate data 
before statistical analysis. 
 
Results 
The organic C content was greater in the natural soil than the degraded Oxisols, with no difference between 
restored and degraded treatments (Table 1). The total N content was similar in all treatments at the 0-5 cm 
depth, but the total N content followed the pattern natural > restored> degraded soils in the 5-10 cm depth 
(Table 1). It is hypothesized that C accumulation in organo-mineral complexes begins when N-rich, 
hydrophobic proteins bind to soil mineral surfaces (Klebber et al., 2007). If this is occurring in the 5-10 cm 
depth, then it suggests that the first steps leading to aggregate formation are underway in the restored soils. 
However although they are not visible in these black and white photos, the colour was slightly darker in 
aggregate fractions from restored and natural soils, suggesting more organic matter (Figure 1). Closer 
examination of the 6-4 mm aggregate size fraction revealed morphological differences under low magnification 
(10 x). Aggregates from the natural and restored soils appeared to have rough, uneven surfaces, compared to the 
smooth, flat surface of aggregates from the degraded soil (Figure 1, a, b, c). The mean surface area of this 
fraction was 10.11 to 11.10 cm2 in the 0-5 cm depth and 10.27 to 11.5 cm2 in the 5-10 cm depth. Although the 
size was similar, there were qualitative differences in surface morphology visible under higher magnification. 
The smooth surface of the 6-4 mm aggregate size fraction from degraded soils was particularly evident at high 
magnification (250 x), compared to the rough, bumpy surfaces of aggregates from restored and natural soils 
(Figure 1, d, e, f). 
Restoration of these soils with organic amendments is expected to eventually increase the aggregation and soil 
organic C content. The visual observation of aggregate morphology coupled with soil organic-mineral analysis 
seems to indicate that changes are occurring in the restored soils. Further study is required to determine the 
length of time necessary to achieve a significant improvement in soil physical characteristics such as 
aggregation and soil structure, and if it is possible to return the soil to the same conditions as the natural site. In 
Figure 1, a, b, c one can observe the morphology aggregate characteristics for soil condition studied. The 
aggregate natural condition surface and the soil restoration (images with 25 and 50 magnifications) are more 
rough and one can that observe the micro-aggregates presence is better defined and intact. While the macro-
aggregates in degraded soil surface are more smooth and with lower visual perception of the micro-aggregates, 
principally in the image with 50 magnification. Perception is better in the image with 250 magnification. In this 
case one can see different colors that probably indicate the organic matter present for the natural and restored 
conditions. A similar comportment can be observed to depth 5-10 cm, including the degraded soil which 
practically does not display roots or fungal hyphae. There is evidence in the images results scanning electron 
microscopy (SEM) of the differences between the aggregate morphology soil conditions for two depths. The 
observed comportment in analyzed images from SEM was also detected by other authors. Based on micro-
morphological examination, the topsoil and subsoil, also SEM images, Kapur et al. (2007) concluded that SEM 
images showed considerable variation among the samples with topsoil samples of each rotation being different 
visually, and appearing more aggregated than subsoil samples. Mueller et al. (2008) concluded that method of 
visual soil structure evaluation was a feasible tool to provide fast semi-quantitative information on the status of 
physical soil quality. 
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Table 1. Organic carbon and total nitrogen in the 0-5 cm and 5-10 cm depths of an Oxisol under native savannah 

(natural soil) and from a degraded Oxisol that received sewage sludge and were revegetated (restored soil) or left 

untreated (degraded soil). 
Mean 

values followed by the same symbol in a column are not significantly different (5% level) according Tukey test. *= 5% 
significance, ns= no significance. MSD= minimum significant difference. V.C.= Coefficient of variation. 
 

 
Figure 1. Scanning electron microscopy of soil aggregates (size between 6-4 mm) from the 0-5 cm depth (a, b, c) and 

5-1- cm (d, e, f) of an Oxisol under native savannah (natural soil) and from a degraded Oxisol that received sewage 

sludge and was revegetated (restored soil) or left untreated (degraded soil). The magnification increases from top to 

bottom: 25 ×, 50 × and 250 ×.  

 

Treatment Total Carbon  Total Nitrogen 
 g kg-1 

Depth – 0 - 5 cm 
Natural soil 9.13 A 0.78  
Restored soil 5.44  B 0.54  
Degraded soil 5.63  B 0.52  
F – Test  13.9335* 3.7764ns 

V. C. - % 18.486 27.424 
MSD – 5 % 3.14 0.30 

Depth – 5 - 10 cm 
Natural soil 7.61 A 0.66 A 
Restored soil 4.00  B 0.41 B 
Degraded soil 2.49  B 0.21 C 
F – Test  33.7318* 56.1852* 

V. C. - % 21.543 15.741 
MSD – 5 % 2.55 0.17 
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Conclusion 
After four years the visual evaluate restoration, by aggregates morphology of the degraded Oxisol, detected that 
sewage sludge associate the tree savannah species and grass are contributing to soil re-structuring. The 
aggregate morphology analysis image was more sensitive than the content of organic C and aggregate stability 
and is indicative of the structure quality evolution over a short time in the degraded Oxisol.  Aggregate 
morphology can better express the restoration of this tropical soil. 
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Abstract 
Micromorphological analyses were conducted on samples from two sites representing a range of surface 
conditions with different crust morphologies typically observed in degraded, grazed rangelands of northern 
Australia. Crust typologies of the samples studied were consistent with typologies previously reported by 
Valentin and Bresson (1992). Crust morphology only partially explained the infiltration response, while there 
was a closer relationship between crust typology and concentration of fine sediments in runoff. Most samples 
showed a high degree of bioturbation beneath the surface layer, with many macropores in-filled with smaller 
pellets. It is possible that the signs of bioturbation are relic, given the degraded state of the sites investigated, but 
these results do point to the potential role biological activity can play in rehabilitating degraded grazed soils, 
corroborating earlier work by Roth (2004). 
 
Key Words 
Micromorphology, crust typology, rangeland soils, infiltration, sediment generation 
 
Introduction 
Soil surface crusts in rangelands and their role in runoff and erosion have long been recognized in tropical 
Australia. However, these crusts are much less documented than the crusts developed in southern and central 
arid and semi-arid Australia. The aim of this study was (i) to gain more information about the morphology,  
genesis and behaviour of soil surface crusts in north-eastern Australian rangelands, (ii) to test the relevance of 
the crust typology suggested by Valentin and Bresson (1992), (iii) to investigate the possible relationships 
between crust type and plot infiltration rate and sediment concentration and (iv) to discuss the relevance of 
integrating crust typology within a soil surface assessment framework suggested by Roth (2004). 
 
Methods 
Two degraded rangeland sites were selected for the micromorphological studies, about 80 km west of 
Townsville. Soil types at both sites were Red Chromosols, derived from metamorphic rocks and sedimentary 
rocks (Devonian), respectively. Vegetation at site 1 was dominated by Reid River Box (Eucalyptus brownie) 
and Desert Bluegrass (Bothriochloa ewartiana), in contrast to Narrow-Leafed Ironbark (Eucalyptus crebra) and 
Desert Bluegrass (B. ewartiana) at site 2. Rainfall simulation was used to simultaneously determine rainfall 
infiltration and sediment detachment for 26 small runoff plots (0.24 m2, surrounded by a 0.3 m buffer zone) 
while at the same time providing rainfall impacted plots for micromorphological sampling. Plot selection was 
carried out on the basis of soil surface condition classes as proposed by Roth (2004). An infiltration index (I30, 
the infiltration rate in mm/h after 30 mm of simulated rainfall) and a sediment concentration index (Sed30, the 
concentration of fine silt + clay in runoff in g/L after 30 mm of applied rainfall) were used to compare the 
infiltration and sediment detachment response of plots with different surface conditions. Details on rainfall 
experimentation, sampling protocols and site properties are provided by Roth et al. (2003).  
 
Undisturbed samples of the top 15 cm of the soil were taken from each plot after rainfall simulation. These 
undisturbed samples were dried prior to impregnation with epoxy resin in which an ultraviolet fluorescent dye 
was incorporated. One vertical cross section cut from each impregnated block was photographed under UV light 
using a digital camera. One 6x13 cm vertical thin section was prepared from each impregnated block and 
observed using a polarizing stereomicroscope. The samples were classified after the typology suggested by 
Valentin and Bresson (1992) and Bresson and Moran (2004). 
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Results and discussion 
Crust morphology 

Selected images covering the major crust types observed at site 1 are presented in Figure 1. The soil material 
below the crust (0-5 cm) was characterized by a 70/30 coarse versus fine (C/f) distribution ratio, the C-f limit 
being 20 µm. The textural fabric was chitonic (packing of clay-coated sand grains) to close porphyric (grains 
embedded in a continuous fine mass), with 50-100 µm packing voids. The soil matrix was quite heterogeneous, 
rather dense areas contrasting with loosely packed areas that looked like channels filled in by biological or 
‘faecal’ pellets (Figure 1). Most pellets were irregular microaggregates, 100-300 µm in diameter, only some of 
them incorporating decayed organic fragments. There were also a few round to oval pellets, 0.5-1 mm in 
diameter. There were many roots 100-300 µm in diameter. Channels 1-2 mm in diameter were rather common. 
The surface overlying this material was classified as follows: 
 

No crusts (Figure 1a) were characterized by a litter of leaves and grasses with many organic and organomineral 
biological pellets, 1-6 mm thick, overlaying a microaggregated layer with many pellets mixed up with 
microaggregates and with many compound packing voids. There were many channels 1-8 mm in diameter, 
sometimes filled in with pellets/microaggregates. However, the orientation and continuity of channels could not be 
reliably assessed from one vertical section and therefore data on orientation was not generated. 
 
In packing crusts (Figure 1b), the surface was sealed by a very thin, 250-500 µm thick, structural crust with 
closely packed microaggregates, overlying moderately packed microaggregated material with compound 
packing voids. There were channels 1-5 mm in diameter sometimes filled in with pellets/microaggregates.  
 

Pavement crusts (Figure 1c) were characterized by a gravel lag at the soil surface. Most of these gravels were 
not incorporated within the underlying sandy layer that exhibited many 0.3-3 mm vesicles, especially at the 
bottom of this layer. Cappings made of fine (silt-sized) particles occurred at the top of some gravels and 
vesicles. Underneath, a typical thin plasmic layer, 1-3 mm thick, was observed, that included many small 
vesicles 100-300 µm in diameter. 
 
A thin plasmic layer right at the soil surface characterized erosion crusts (Figure 1d). The surface was rather 
smooth, with a few protruding sand grains. This plasmic layer, 100-500 µm thick, also sealed surface cracks. In 
the sample shown in Figure 1d there was no cryptogam cover. However, in other plots not shown here, the 
erosion crust was colonized by filamentous cryptogams that formed a discontinuous, felt-like cover. Crust 
typologies observed at site 2 were similar to those observed at site 1, despite a slightly lighter texture. In 
addition, one sample showed a sieving crust. The soil material below the crust (0-5 cm) was sandier and more 
microporous than the soil at site 1, with a 80/20 C/f distribution ratio and a chitonic textural fabric with many 
100-200 µm compound packing voids. However, macropores, especially channels 1-2 mm in diameter, were 
less abundant. Like in site 1 plots, the site 2 soil matrix was strongly affected by biological activity, as 
evidenced by the occurrence of many channels that was usually filled in by biological pellets. 
 

Relationship of crust morphology with infiltration 

At site 1, crust types generally clearly differentiated between I30 > 20 mm/hr (packing and no crusts) and I30 < 
15 mm/hr (erosion and pavement crusts). At site 2 the differentiation was less clear: some packing crusts had a 
higher I30 than some no crusts. Also, some erosion crusts had a rather high I30 (16.1 and 18.5 mm/hr, 
respectively), which is consistent with the weak development of these crusts. On the other hand, the sieving 

crust had an unexpectedly low I30 (7.9 mm/hr). The statistical analysis of the relationships between crust types 
and infiltration rates (Student's T-test) shows that there are only two significant differences between crust types, 
i.e. no crust versus erosion crust and no crust versus pavement crust (Table 1). This suggests that parameters 
other than crust type controlled infiltration rates. It is suggested that the denser matrix underlying uncrusted 
surfaces that is presumed to result from hoof compaction (Greene et al., 1994) is likely to contribute to the 
reduction in hydraulic conductivity. 
 
Table 1.  Crust types and infiltration rate. Probability level of significance P(T <= 1) from unpaired, two tailed 

Student's T-test run after comparison of variances using a F-test. 

  No crust Packing Pavement Erosion 
No crust - 0.299 0.025 0.010 
Packing - - 0.094 0.158 
Pavement - - - 0.464 
Erosion - - - - 
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Figure 1.  Crust types at site 1: (a) no crust , (b) packing crust, (c) pavement crust and (d) erosion crust. Images of 

polished blocks, UV. 

 

Relationship of crust morphology with fine sediment generation 

At site 1, crust types clearly discriminated between Sed30 > 0.7 g/L (erosion crusts) and Sed30 < 0.7 g/L (no 

crust, packing crusts and pavement crusts). At site 2, erosion crusts were also > 0.7 g/L, with the exception of 
one plot, where the cryptogam cover present might account for the lower sediment concentration. The statistical 
analysis of the relationships between crust types and sediment concentration (Student's T-test) shows that 
erosion crusts are significantly different from every other crust type (Table 2). 
 

Table 2.  Crust types and sediment concentration. Probability level of significance P(T <= 1) from unpaired, two 

tailed Student's T-test run after comparison of variances using a F-test. 

  No crust Packing Pavement Erosion 
No crust - 0.537 0.124 0.003 
Packing - - 0.133 0.003 
Pavement - - - 0.005 
Erosion - - - - 

 
Conclusion 
Overall, the micromorphology of the soil surface crusts from grazed soils in north-eastern Australia studied here 
is in good agreement with the typology suggested by Valentin and Bresson (1992). Structural crusts developed 
on these soils through compaction by raindrop impact (packing crusts) as well as through vertical sorting of soil 
particles by winnowing and sieving (sieving crusts and also pavement crusts). Most erosion crusts formed 
through erosion of the top sandy layer of sieving crusts, but some erosion crusts were transitional with packing 

crusts, as evidenced by a very thin surface plasmic layer without any vesicles. The crust micromorphology is 
also in good agreement with the soil surface conditions suggested by Roth (2004). 
 
Below the crusted layers, the soil matrix showed signs of an intense bioturbation, as evidenced by the 
abundance of channels, either empty or filled in with pellets and/or microaggregates. However, there appears to 
be no clear relationship between bioturbation intensity and crust type. Even though there is no clear evidence of 
the relict or active character of the empty and filled in channels, the high degree of bioturbation points to ability 
of degraded grazed surfaces to recover and regain hydrological function. 
 
There was no clear differentiation of crust types by infiltration rate. Several reasons might be invoked. First, at 
site 2, crusts were sampled 6 months after the rainfall simulation instead of 1 day at site 1. Second, it appears 
that the infiltration rates of many of the well covered plots were controlled by the underlying soil, i.e. a dense 
matrix (site 1) or a buried plasmic layer (site 2), rather than by the surface crust. Therefore, some form of matrix 
characterization might be required for relating surface condition assessment and soil hydrological properties. 
Sediment concentration appears to be more related to crust types than infiltration rate, especially when the 
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ground cover was low. In such conditions, erosion crusts generated a sediment concentration much higher than 
sieving crusts and pavement crusts did.  
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Abstract 
Saturated hydraulic conductivity is a critical physical parameter essential for predicting infiltration in soils as 
well as runoff. X-ray computed tomography (CT) has been used as a measurement tool for assessment of soil 
pore parameters important for water transport. The objective of this study was to use CT-measured soil pore 
data to predict saturated hydraulic conductivity from four study sites with multiple treatments and soil depths. 
Soil cores were removed from four study sites in Iowa and Missouri. Study sites included soils developed on 
deep loess as well as loess and glacial till. Treatments evaluated at the four sites include:  row crop, stiff-
stemmed grass hedges, agroforestry buffers, grass buffers, conservation reserve program (CRP) management, 
restored prairie and native prairie. All samples (76 mm diam. by 76 mm long) were scanned using a Siemens 
Somatom with a 0.19 by 0.19 by 0.5 mm resolution. Pore parameters estimated by CT included macroporosity 
(> 1000 µm diam.), coarse mesoporosity (200 to 1000 µm diam.), number of pores, circularity of pores, and 
fractal dimension of macroporosity. The best regression model for estimating the log-transformed saturated 
hydraulic conductivity was the logarithm of number of pores (r2 = 0.69). This study illustrates the application of 
CT methods as a characterization tool of soil pores for prediction of hydraulic conductivity. 
 
Key Words 
Circularity, coarse mesoporosity, fractal dimension, macroporosity, saturated hydraulic conductivity, x-ray 
computed tomography 
 
Introduction 
Saturated hydraulic conductivity is an important soil parameter which is highly influenced by soil management 
(Udawatta et al. 2008). Perennial vegetative buffers have been shown to maintain or improve soil hydraulic 
properties (Rachman et al. 2005). These buffers include stiff-stemmed warm season grasses (Rachman et al. 
2005), trees and grasses (Udawatta and Anderson 2008), and cool season grasses (Udawatta and Anderson 
2008). The purpose of these buffer systems is to control surface runoff and sediment loss from land under row 
crop and grazing management practices. Since vegetation is perennial, soil under buffers may develop 
biologically produced macropores as a result of active growth of grass roots and associated fauna.   
 
An important soil pore parameter for infiltrating water is the degree of macroporosity (Allaire-Leung et al. 
2000). Macropores (relatively large soil pores > 1000 µm diameter) allow water to penetrate into the soil and, 
under ponded conditions at the soil surface, water flow in soils will be dominated by the macropore system. 
Water transport follows the path of least resistance through these macropores, while in contrast, water 
movement in soil without macropores occurs through smaller pores or voids between the grains or aggregates 
(Warner et al. 1989). For both macropore flow and matrix flow, the shape, size, orientation and distribution of 
soil pores influence the rate of water flow and retention in the soil (Rasiah and Aylmore 1998). 
 
Porosity is often characterized using analysis of soil water characteristic curves, tension infiltrometer data, and 
soil bulk density data (Everts and Kanwar 1992). These are an indirect measure of porosity or pore size 
distribution, and do not include any detailed information on the nature of the pores or their spatial distribution 
(Gantzer and Anderson 2002). A recent measurement tool used by soil scientists to assess soil pores is X-ray 
computed tomography (CT; Perret et al. 2000; Gantzer and Anderson 2002) which can be used for in situ, 
nondestructive, and repetitive measurements at sub-millimeter scales. Detection of macropore features and their 
relative frequency has been done using CT methods to quantify macropore diameters as small as 0.15 mm 
(Gantzer and Anderson 2002). The objectives of this study were to characterize macropores of intact soil 
samples using CT methods from four study sites with selected land management treatments, and correlate 
saturated hydraulic conductivity with CT-measured macropore parameters. 
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Methods 
Study sites and core samples 

Data used for the current study were obtained from four study sites which compared CT-measured macropore 
parameters for selected soil management treatments (Kumar et al. 2010; Rachman et al. 2005; Udawatta and 
Anderson 2008; Udawatta et al. 2008). Rachman et al. (2005) compared CT-measured macropore properties 
within the 0 to 20 cm soil depth for stiff-stemmed grass hedge, row crop and deposition zone treatments (30 
cores) on Monona silt loam (fine-silty, mixed, superactive, mesic Typic Hapludolls). CT-measured macropore 
properties were assessed within the 0 to 40 cm depth of Mexico silt loam (fine, smectitic, mesic Vertic 
Epiaqualfs) for four treatments (96 cores):  row crop, native-undisturbed prairie, restored prairie, and 
conservation reserve program (CRP) treatments (Udawatta et al. 2008). Udawatta and Anderson (2008) 
evaluated macropores for agroforestry buffer, grass buffer and row crop treatments (90 cores) within the 0 to 50 
cm depth of Putnam silt loam (fine, smectitic, mesic Vertic Albaqualf). Macropore properties were measured for 
continuously grazed pasture, rotationally grazed pasture, agroforestry buffer and grass buffer treatments (120 
cores) within the upper 50 cm of Menfro silt loam (fine-silty, mixed, superactive, mesic Typic Hapludalf; 
Kumar et al. 2010).  A total of 336 core samples were used for this study. The Monona and Menfro soils formed 
on deep loess while the Mexico and Putnam soils (claypan soils) formed on loess and glacial till. 
Intact soil cores (76.2 mm diameter by 76.2 mm long) housed in Plexiglas cylinders with 4 mm wall thickness 
were collected from each site. A plastic cap was placed on each end of the soil core secured with masking tape. 
Cores were then placed in sealed plastic bags, transported to the laboratory, and stored in a refrigerator at 4° C.  
 
The lower end of each core was covered with 2 layers of fine nylon mesh to contain soil within cylinders. Cores 
were slowly saturated from the bottom with water (6.24 g L-1 CaCl2 and 1.49 g L-1 MgCl2) using a Mariotte 
system. Samples were drained and equilibrated to –3.5 kPa using a glass-bead tension table. Samples were 
weighed and transported to the CT scanner for measurement. Two phantoms, distilled water in an aluminum 
tube and a solid copper wire, were attached to each core before scans were taken. Phantoms were to assure that 
data were comparable between scans for different treatments. 
 
Scanning and image analysis 

The CT scanner used for all studies was a Siemens Somatom Plus 4 Volume Zoom. The scan system parameters 
were set to 125 kV, 400 mA and 1.5-s scan time to provide detailed and low noise projections. The field of 
view, i.e. the cross sectional dimension, was 100 mm with 512 by 512 picture elements (pixels) giving a pixel 
size of 0.19 by 0.19 mm. The x-ray beam width or slice thickness was 0.5 mm, producing a volume element 
(voxel) size of 0.018 mm3. Five scan slices were taken in each core with a 10 mm distance between each scan. 
The first scan slice was taken at a 15 mm distance from the top of the soil core. After scanning, saturated 
hydraulic conductivity was measured using either the constant head method or falling head method. The soil 
cores were then dried to determine bulk density. 
 
The scanned images were analyzed for macropore (>1000-µm diam.) and mesopore (200- to 1000-µm diam.) 
characteristics using the ImageJ version 1.27 computer software package (Rasband 2002). The macropore and 
mesopore characteristics analyzed included the number of pores, macroporosity, coarse mesoporosity, pore area, 
perimeter of pores, and macropore fractal dimension (fractal D). Pore circularity was estimated using pore area 
and perimeter of pores. Macroporosity and mesoporosity at each depth were calculated from the total area of all 
macropores and mesopores isolated in the image at a given depth divided by the cross sectional area of the 
selected region on the soil core image. 
 
The Region of Interest (ROI) tool was used to select a circular region of 73-mm diam. in each image. This 
region was selected to exclude voids near the core walls and minimize the effects of beam hardening due to the 
Plexiglas cylinder. The Clear Outside tool was used to clear areas outside the selected region. The Threshold 
tool was used to partition pores from solids after converting the image into an 8-bit grayscale image. The 
threshold values selected to analyze all images were from zero to 40 grayscale (range is 0 to 255). These 
grayscale values are the relative attenuation values (RAV) that are related to porosity (Gantzer and Anderson 
2002). The Analyze Particles tool was used to measure statistics of individual pores.    
 
Fractal dimension values were analyzed within a 50-mm by 50-mm square image in the center of the core. The 
threshold values for estimating the fractal dimension of the macropores were from zero to 100 RAV or 
grayscale. The higher RAV (100) for fractal dimension analyses as compared to pore characteristic analyses 
(40) was used to increase data density.    
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Pearson correlation coefficients were estimated between saturated hydraulic conductivity and the CT-measured 
pore parameters. Regression analyses were performed between saturated hydraulic conductivity and CT-
measured pore parameters. Log10-transformations were conducted on Ksat and CT-measured number of pores, 
since these distributions were positively skewed. These transformations normalized the data.   
 
Results 
Correlation among CT-measured parameters and Ksat 

Linear correlation coefficients among bulk core properties (bulk density and saturated hydraulic conductivity, 
Ksat) and CT-measured pore parameters are shown in Table 1. The parameter with the highest correlation with 
log(Ksat) was CT-measured number of pores (r = 0.830, P < 0.001). Fractal dimension of macroporosity was the 
parameter with the next highest correlation (r = 0.704, P < 0.001). These two CT-measured parameters (number 
of pores and fractal dimension) were also highly correlated (r = 0.781, P < 0.001). 
 
Regression relationships for Ksat 

Regression parameters for estimating log(Ksat) using log(CT-measured number of pores) for the four study sites 
are included in Table 2. Coefficients of determination ranged from 0.50 to 0.76. The lowest intercept value was 
found for the Rachman et al. (2005) study site while the highest value occurred with the Kumar et al. (2010) 
study. The Rachman et al. (2005) study site had the highest slope (1.84) while the Kumar et al. (2010) study site 
had the lowest slope value (1.28).   
 
Table 1.  Correlation matrix of CT-measured macropore pararameters and log(saturated hydraulic conductivity, 
Ksat). 

  
Macro-f† 
(cm3 cm-3) 

Coarse  
Meso-f† 

(cm3 cm-3) 

Log 
(Number 
of Pores) 

 

Pore  
Circularity 

Fractal 
Dimension 
of Macro-f 

Bulk 
Density 
(g cm-3) 

 

Log(Ksat) 
[log(mm hr-1)] 

Macro-f 1.000 0.458‡ 0.618 -0.088 0.768 -0.514 0.572 
Coarse  
  Meso-f 
Log(Number  
  of Pores) 
Pore    
 Circularity 
Fractal D of   
 Macro-f 
Bulk Density  
Log(Ksat) 
 

 
 
 

 
1.000 

 
0.435 

 
1.000 

 
-0.052 

 
0.301 

 
1.000 

 
0.480 

 
0.781 

 
-0.033 

 
1.000 

 
-0.280 

 
-0.144 

 
0.324 

 
-0.509 
1.000 

 
0.380 

 
0.830 

 
0.180 

 
0.704 
-0.173 
1.000 

†Macro-f = macroporosity, Meso-f=mesoporosity. 
‡Correlation values higher than 0.175 or lower than -0.175 correspond to P < 0.001. 
 
Table 2.  Regression parameters and coefficients of determination for predicting log(Ksat) from log(number of 

pores) at four study sites. 

Study Site Intercept Slope r2 n 
Rachman et al. (2005) -1.74 1.84 0.62 30 
Udawatta et al. (2008) -1.12 1.44 0.69 96 
Udawatta/Anderson (2008) 
Kumar et al. (2010) 

-1.50 
-0.76 

1.77 
1.28 

0.76 
0.50 

90 
120 
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Figure 1.  Regression relationship between saturated hydraulic conductivity [log(Ksat)] and CT-measured number of 

pores [log(number of pores)].   

 
The overall regression relationship between log(Ksat) and log(CT-measured number of pores) is shown in 
Figure 1. Adding the fractal dimension of macroporosity into the regression relationship increased the r2 value 
from 0.69 to 0.70. Including additional parameters did not improve the coefficient of determination. 
 
Conclusion 
A study was conducted to compare how well CT-measured pore parameters performed in estimating saturated 
hydraulic conductivity from four study sites in Iowa and Missouri. CT-measured pore parameters included 
number of pores, macroporosity, coarse mesoporosity, pore circularity, and fractal dimension of macroporosity. 
The best regression model for estimating log(saturated hydraulic conductivity) was log(number of pores) with a 
coefficient of determination of 0.69. Results of the study indicate that CT methods may be very useful for 
characterizing pores from multiple sites with several land management treatments and can potentially estimate 
saturated hydraulic conductivity. 
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Abstract 
Transport and transformation processes of solid, liquid and gaseous compounds/components in soils are 
intimately connected and strongly dependent on the state of soil structure and pore space geometries. Soil 
structure in turn is inherently dynamic due to changes in pore water pressure resulting in shrinking and swelling 
and/or soil compaction and shear deformation by applying external loads and last but not least also continuously 
modified by biological factors (root growth and soil faunal activities). Studying the dynamic properties of soils 
and functions requires observing the evolution of soil structure with changing boundary conditions without 
disturbing the processes of structure formation. Non-invasive techniques such as X-ray microtomography are 
able to resolve soil structure and associated pore architectures on various scales and at the same time allow for 
non-destructive observations of structural dynamics upon changes in boundary conditions. We used 
synchrotron- and X-ray microfocus tube-based microtomography (SR-µCT and MF-µCT resp.) systems to 
investigate soil structural dynamics of soil aggregates and typical core-size soil samples. The effects of 
shrinking/swelling and compaction on pore space architectures were studied under controlled boundary 
conditions (matric potential, mechanical loads). Three-dimensional reconstructions of the pore space were 
analyzed with 3D image analysis tools to quantify changes in morphological characteristics of soil structure and 
related pore networks upon changes in boundary conditions, respectively. The potential of such quantitative data 
to further develop modeling approaches of transport and deformation processes in soils will be discussed. 
Further improvements in µCT imaging approaches and 3D image analysis of soil structure dynamics coupled 
with physical measurements of transport functions are essential to achieve a more comprehensive understanding 
of soil-ecosystem fluxes and interactions.  
 

Key Words 
X-ray microtomography, image analysis, 3D correlation analysis, soil mechanics, soil deformation, soil 
structure 
 

Introduction 
Non-invasive three dimensional imaging microscopy using microtomography techniques provide a useful 
method to directly observe and quantify soil structure formation and deformation with changes in hydraulic and 
mechanical stress state. The advantage over other imaging techniques applied in soil morphology analysis (e.g. 
thin sectioning) is that tomography measurements account for the 3D nature of the specimen and that samples 
remain intact after CT image acquisition measurement allowing for repeated imaging and thus monitoring soil 
structure dynamics. The latter is a prerequisite to observe spatial modifications of the soil pore 
microenvironment caused by dynamic processes continuously re-arranging pore networks hence feeding back 
on soil functions. On the other hand, indirect assessments of soil structural attributes such as the pore size 
distribution (PSD) derived from water retention curves (WRC) render inaccurately in a sense that with changes 
in hydraulic stress during the measurement pore geometries may change resulting in a continuously modified 
pore size distribution during the course of the measurement. The same is true for the derivation of hydraulic 
model parameters from such indirect measurement methods since the non-rigidity of pore systems caused by 
shrinking–swelling processes is not considered. Non-invasive imaging techniques could overcome some of the 
limitations of routinely applied methods for assessing soil structure and associated soil functions.  
 

Methods 
We used two sets of samples for this study:  
Firstly, a soil aggregate sample (~5 mm across) was collected from an Alfisol (Rotthalmünster, Germany) from 
the topsoil layer. The soil aggregate sample was scanned in air dry condition at the synchrotron 
microtomography facility operated by the GKSS Research Center at HASYLAB (Hamburger Synchrotron 
Strahlungslabor) of DESY (Deutsches Elektronen Synchrotron) in Hamburg/Germany. The microtomography 
was completed at beamline BW2.  The sample was mounted on a rotary stage and scanned at a photon energy of 
24 keV and a voxel resolution (voxel edge length) of 4.38 µm. During the microtomographical scan the sample 
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was rotated at different projection angles between 0 and π, at 0.5° degree intervals. The absorption radiographs 
for the different viewing angles were projected onto a CdWO4 fluorescent screen and recorded by a 1536×1024 
pixel CCD camera. Image reconstruction was accomplished using a filtered back-projection algorithm in IDL™ 
(Research Systems Inc.). Attenuation coefficients are expressed as grayscale values ranging from [255] for the 
highest attenuation coefficient to [0] for the lowest attenuation coefficient reached. After the initial scan the 
sample was wetted via a glass fibre wick from below at a suction of -7 hPa with a 1M KI-doped solution to 
increase the attenuation contrast of the fluid phase. After imbibition the same aggregate was scanned a second 
time.  
 

In a second series bulk soil samples have been prepared in the laboratory. Remoulded loess soil material has 
been filled into 5 cm diameter Plexiglas® cylinders at three different initial bulk densities (1.00, 1.20 and 1.33 
g/cm3, respectively). Samples were scanned at three different conditions: 1) initial homogeneous condition, 2) 
after saturation and 3) after subsequent air drying. Following the investigation of shrinking/swelling effects on 
soil structure development we studied the response of the structured soil to mechanical stresses. To do this we 
applied stepwise increasing mechanical loads of up to 400 kPa to the dried sample with the intermediate packing 
density (1.20 g/cm3) in air dry condition. For the loading steps of 0, 20, 50, 100, 200, and 400 kPa we 
tomographed the sample immediately after loading.  
 

The above mentioned remoulded soil samples were scanned in a lab by a phoenix v|tome|x | 240 (GE Sensing & 
Inspection Technologies GmbH, Wunstorf, Germany). Scanning procedure is similar to the procedure done at 
the HASYLAB except that a polychromatic and cone shaped X-ray beam is used instead of a monochromatic 
parallelized beam as it is generated at synchrotron facilities. X-ray parameters used were 200 keV scanning 
energy with 1440 projections per sample with a voxel resolution between 38.4 and 41.0 µm. The basic setup of 
the scanning system and image processing is shown in Figure 1.  

 
Figure 1.  Setup of the X-ray microfocus tube tomography system and subsequent image reconstruction and 

analysis. 
 

Volume rendering of the image reconstructions has been carried out with VG-Studio Max 2.0 (Volume 
Graphics GmbH, Heidelberg, Germany). Morphological image analysis of the grayscale images has been 
performed with a suite of algorithms assembled in the software package 3dma-Rock (Lindquist et al. 2005) and 
in VG-Studio Max 2.0. A full 3D image analysis consists of a succession of image transformations and ends 
with the quantification of pore network characteristics (Figure 2). Basic image transformations are 
segmentation, disconnected cluster clean up, medial axis construction and throat and pore size computation. An 
analysis of strain localisation was performed by digital 3D tomogram correlation after Crostack et al. (2008). A 
reference tomogram was divided into cuboid regions which are regularly distributed on a regular grid. Each 
cuboid represents the local microstructure in the reference state (before shrinking or loading) at its grid point. 
The cuboids in the reference tomogram are iteratively mapped onto the corresponding more or less deformed 
microstructural parallelepiped-shaped region in the comparison tomogram (after shrinking or loading). By 
coordinate transformations a mean deformation gradient F and the Lagrangian strain tensor γ are derived and 
from this scalar deformation quantities like volume change dV/V and equivalent strain εequ can be calculated. 
Further details on the method and its application for the determination of localized soil deformation using 
microtomography images are provided in Peth et al. (2010). 

 

 
Figure 2.  Basic image transformation steps in 3dma-Rock.  
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Results 
The effect of a change in hydraulic stress on pore geometry is demonstrated in Figure 3 where the tomograms of 
a soil aggregate scanned in air dry condition and after imbibition of a 1M KI-solution at -7hPa are compared. 
After imbibition a rearrangement of particles accompanied by a restructuring of the pore space was observed. 
This is apparent from closing coarse, soil structure related pores (e.g. cracks) and interestingly also from the 
formation of new coarse pores that remain gas filled. Swelling is a common process in clay rich soils and well 
known to partially close previously generated cracks. In contrast the formation of new coarse pores during 
wetting is a phenomenon that has to the best of our knowledge not yet been observed directly. An explanation 
could be microscale gas flow processes leading to a local entrapment of air within the aggregate and subsequent 
deformation of the soil matrix as air pressure exceeds local soil strength (Peth et al. 2008b). Another reason 
could be contractile forces during capillary wetting of the previously air dry sample leading to the generation of 
new or a widening of pre-existing cracks. These observations underline the complexity of interactive transport 
and deformation mechanisms resulting in dynamic soil pore spaces pointing out that the investigation of pore 
scale processes requires non-invasive techniques.  

 

Figure 3.  Tomograms before (left) and after (right) 

imbibition with 1M KI-solution at a matric potential of -7 

hPa. The dashed line indicates the rim of the air dry sample 

before the sample was wetted. (taken from Peth 2010) 

Development of soil structure in bulk soil samples is shown in Figure 4 exemplarily for the loose packing (1.00 
g/cm3) for the three conditions (initially dry homogenous, after saturation and after subsequent air drying). We 
observed almost no macropores in the initially homogeneous dry condition as it is shown more clearly in the 
binarized images in the bottom part of Figure 4. After saturation a substantial number of new macropores pores 
(> resolution limit which was approximately 40 µm) were generated indicated by the white areas in the 
binarized image. After drying the sample, again large cracks developed in the middle of the sample separating 
the bulk soil into five newly formed aggregates.  

 

Figure 4.  Tomograms (top) before (left) after saturation 

(middle) and after air drying (right). The binarized images 

(bottom) indicate the generation of new macropores by changes 

in hydraulic stresses (saturation and subsequent air drying).  

Frequency distributions of pore size classes derived from morphological image analysis show that saturating the 
sample generated numerous macropores (Figure 5). Note that since close to the resolution limit (in this case ~ 
40 µm) the detection of pores is associated with uncertainty due to binarization of the grayscale images only 
pores > 8 voxels (2 voxels wide in each spatial direction � 23 = 8) were counted to ensure that only real pores 
are included in the statistics. Interestingly subsequent shrinkage created a large crack, counted as one 
interconnected pore with a volume of 5.790 mm3 (plotted at class < 10.000 mm3 in Figure 5), but left the 
remainder pore size frequency distribution with pore volumes between > 0.0001 and < 1.000 mm3 almost 
unchanged. Consequently, the pore volume gain within the newly formed crack must have been accommodated 
by pore volume reduction in pores smaller than 8 voxels in size corresponding to a volume equivalent diameter 
of spherical pores of < 50 µm. 
 

 

Figure 5.  Frequency distribution of different pore size 

classes for the sample with intermediate packing 
density (1.20 g/cm3; shown in Figure 4.) at three 

different conditions: initially homogenized = hom, 

saturated = sat, after shrinkage = dry).  
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Figure 6 presents the local soil deformation resulting from hydraulic (shrinkage, Figure 6A) and mechanical 
stresses (external loading, Figure 6B). The orientation of the major axis of the tensor ellipsoids (in this case 
represented as cuboids) in Figure 6A reveals a change in the orientation of the strain field from predominantly 
horizontal deformation at the outer rim of the sample to predominantly vertical deformation in the vicinity of the 
cracks in the centre of the sample during shrinkage. External mechanical loading of the sample in air dry 
condition resulted in spatially heterogeneous soil deformation (Figure 6B). We observed a strain concentration 
in the vicinity of larger cracks where plastic flow indicates a closure of the large cracks while within the interior 
of aggregates deformation is lower. A decreasing crack volume with mechanical loading was also determined by 
morphological image analysis (data not shown).  

 
Figure 6.  (A) Spatial orientation of the Lagrangrian strain tensor � represented as cuboids for a tomogram 

correlation of the state before and after shrinkage showing the local magnitude of strain and the orientation of the 

maximum strain gradient. The slice represents a horizontal section near the top through the sample shown in B 

before mechanical loading. (B) Spatial distribution of the equivalent strain �equ for two different external 

mechanical loads. The color scale is adjusted to lower strain values to indicate the deformation within the 
aggregates. The corresponding reference tomogram for the grayscale correlation analysis was in each case the 

unloaded state. Gray color coded areas indicate values of equivalent strain �equ exceeding a specified threshold 

value (> 4.8 ‰) corresponding to a larger deformation in the vicinity of cracks. 

 

Conclusion 
Soil structure and associated pore space geometries are to be considered highly dynamic. Even in structurally 
mature units such as aggregates we observe modifications in the pore space by changing hydraulic stresses 
(imbibition). X-ray microtomography in conjunction with 3D image analysis techniques is capable to quantify 
the dynamic pore space in relation to changes of hydraulic and mechanical stress boundary conditions.  The 
results presented here strongly suggest that soils are non-rigid systems where both hydraulic and mechanical 
stresses locally modify pore space geometries. These modifications are associated with a simultaneous 
destruction/reduction of pores/pore sizes and the generation of new pores. This fact has to be considered in 
modelling transport, deformation and exchange processes in soils and between the pedosphere and the 
atmosphere.  
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Abstract 
The dynamics of soil structure is driven by hydraulic and mechanical stresses. Hydraulic stress causes soil 
swelling and shrinkage during natural wetting and drying. Mechanical load results in soil compaction. In this 
paper we combined the hydraulic and mechanical stresses by considering shrinkage, moisture release and 
compaction concurrently. The volume of rigid pores compacted by mechanical stress do not alter soil pore 
shrinkage capacity. Their shrinkage curves are parallel to each other with an identical coefficient of linear 
extensibility (COLE) and shrinkage slope, although their structural shrinkage phases narrow with an increase in 
compaction stress. With different shrinkage properties of rigid and non-rigid pores, we proposed numerical 
methods to illustrate the bundle of the e-ϑ-σ relationship as affected by mechanical stress stemming from tillage 
management, and to model the loaded soil shrinkage behavior. The similarity of soil shrinkage behavior before 
and after tillage management can be easily assessed regarding the dynamics of soil structure during natural 
wetting and drying cycles. 
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Soil shrinkage, soil compaction, water retention curve, soil tillage 

Introduction 
For a nonrigid soil, soil porosity (e.g. void ratio, e) changes not only with mechanical stress (σ) but also soil 
moisture (e.g. moisture ratio, ϑ). The relationship between e and ϑ is well defined as soil shrinkage behavior, 
which has in general been studied under load-free conditions. The relationship between e and σ is often cited as 
the soil strain-stress, commonly used in both agricultural and geotechnical engineering to derive soil mechanics 
parameters. Baumgartl and Köck (2004) summarized the three relationships of e-ϑ, e-σ and ϑ-ψ, and addressed a 
similar behavior between soil deformation and soil moisture release due to hydraulic stress ψ or mechanical 
stress σ. However, knowledge of soil shrinkage as affected by soil loading conditions, which involves a bundle 
of shrinkage curves under mechanical stress, is still unclear. The mechanical stress from tractors occurs rapidly 
and is removed as soon as the tillage operation is complete. Thus, the soil becomes load-free again after the 
removal of the stress. Soil pores can be intensively compacted by a heavy agricultural machine in which 
structural pores or macropores are most susceptible but textural pores remain unaffected. Soil shrinkage is 
principally induced by the textural pores derived from active clay, rather than by the structural pores. Thus, we 
hypothesize that this tractor load does not modify soil shrinkage behavior.  

Theory 
Soil volume change by hydraulic stress 

The soil volume (e.g., void ratio, e) can vary either with hydraulic stress or moisture ratio (ϑ) or with 
mechanical stress (σ). The relationship between the change of soil volume and hydraulic stress is defined as soil 
shrinkage and swelling, generally presenting a sigmoidal curve. In this study, we used a modified van 
Genuchten equation to fit the relationship between void ratio (e) and moisture ratio (ϑ):  
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where χ, p and q are dimensionless fitting parameters. Parameter p in Equation 1 is always a positive value. es 
and er are the saturated and residual void ratios, respectively, which can be obtained either by measurements or 
by fitting. In this paper, we used the measured data. ϑs is the saturated moisture ratio.  
If combining χ, p and q parameters, Equation 1 can be simplified as: 
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As discussed in Peng and Horn (2005), k(ϑ) describes a basic shape of soil shrinkage, depending on the type and 
the amount of active clay. 
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Soil volume change by mechanical stress 

The change of soil volume (e) with the mechanical stress (σ) is termed as soil strain-stress relation or soil 
compaction in soil science and engineering. The relationship between them is in general a negative exponential 
as follows: 

)exp()( 0 σσ bee −= ,                                    (4) 

where e0 is the initial void ratio prior to loading. Parameter b is the fitting dimensionless parameter.  

Rigid and nonrigid pores of the soil 

In this paper, we separated total pores (Vt.p) of a nonrigid soil into rigid (Vr.p) and nonrigid pores (Vnr.p) according 
their shrinkage and swelling capacity.  

nr.pr.pt.p VVV += .                                            (5) 

Hereby it needs to be pointed out that the ‘rigid’ of soil pores is not relative to the mechanical stress, but to the 
hydraulic stress or soil moisture.  

Soil shrinkage under the mechanical stress 

After loading by a mechanical stress, some rigid pores are lost, with macropores being the most susceptible. 
However, nonrigid pores are less affected, either by regaining structure immediately after stress removal or in 
the case of a large stress after subsequent wetting under load-free conditions. Therefore, the mechanical stress 
(σi) from tractor tillage only reduces rigid pores. 
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Then, at a given moisture ratio (ϑ), the loaded void ratio (ei(ϑ)) is  
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where Vs is the solid volume, independent of stress, Vt.p0 is the total pore volume of the soil prior to loading. In 
Equation (7), the subtract component r.piV∆  is constant during the entire shrinkage process, because the change 

of rigid pores is independent of soil moisture. Therefore, the difference of void ratios between the loaded soils 
before (e0(ϑ)) and after stress application (ei(ϑ)) is constant over the whole range of soil moisture. 
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Owing to no alteration of nonrigid pores, the pore shrinkage capacity (ζ), defined as the first derivative of soil 
shrinkage, remains identical after loading:  
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Hereby we introduce the load-shrinkage factor (ϖ), defined as the ratio of the loaded to unloaded pore shrinkage 
capacity at a given moisture ratio. For the tractor-loaded soil, ϖ (ϑ, σi) is always 1 over the range of soil 
moistures.  
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In Equation (10), the unity ϖ is independent of the mechanical stress and soil moisture. If taking Equation (1) to 
fit soil shrinkage, an identical shrinkage slope can be defined before and after loaded as follows: 
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In Equation (10), it must be 
)()( 0i ϑϑ kk ′=′ .                                            (12) 

The k(ϑ), or three parameters of χ, p and q, describing the basic shape of soil shrinkage, are independent of the 
stress. The difference between es and er is a factor for the magnitude of the pore shrinkage capacity. Their soil 
shrinkage curves derived from various transient stresses are thus parallel to each other. The only difference 
between them is a shift of void ratio with a magnitude of ∆Vr.pi/Vs. The maximum shift should take place when 
all rigid pores (Vr.p) are compacted. Therefore, the loaded soil shrinkage curve can be derived from the load-free 
soil shrinkage as follows: 
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If the residual void ratio of the loaded soil (eri) is available, Equation (13) can be simplified as: 
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In Equation (14), esi is an exponential decay with the applied stress (σ) (see Equation 4). If combining Equations 
(4) and (14), the loaded soil shrinkage can be rewritten as: 
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Equation (15) formulates the relation between soil volume (e), soil moisture (ϑ) and stress (σi).  

Table 1. Saturated void ratio (es) of different textural soils after loaded by the mechanical stress. 

Treatments 
Added sand  
/g kg-1 

Clay  
/g kg-1 

Silt + sand 
/g kg-1 

150 kPa 
(1.208)a 

400 kPa 
(0.893) 

1400 kPa 
(0.656) 

S 0 0 649 351 1.600 ± 0.024b 1.293 ± 0.028 1.082 ±0.011 
S 1 100 590 410 1.522 ± 0.008 1.192 ± 0.030 0.942 ± 0.017 
S 2 200 541 459 1.476 ± 0.017 1.184 ± 0.022 0.930 ± 0.016 
S 3 300 499 501 1.453 ± 0.009 1.144 ± 0.025 0.913 ± 0.009 

a Stress followed by the corresponding initial void ratio in parentheses. 
b Mean saturated void ratio ± standard deviation. 

Materials and methods 
Sieved <2 mm soil samples were added with 0%, 10%, 20%, and 30% clean sand (0.2-0.63 mm) in mass. The 
four soil-sand admixtures of adding 0%, 10%, 20%, and 30% were defined as treatments of S0, S1, S2, and S3, 
respectively, in this paper. The soil-sand admixtures were then wetted with distilled water up to a defined water 
content at the plastic limit. The admixtures were homogeneously repacked by uniaxial compressive loads of 
150, 400, or 1400 kPa (Model 5569 series, Instron, UK). It took about 30 sec to reach the desired stress at the 
speed of 60 mm min-1. The stress was released immediately after compacting. Three initial void ratios of 1.208, 
0.893, and 0.656 were obtained corresponding to the three stresses (Table 1). Each treatment was in triplicate. 
During the wetting process, soils swelled to some extent, depending on soil texture and initial void ratio. The 
addition of sand increased void ratio and decreased swelling (Table 1). The part of swelling soils above the 
cylinder was cut. The saturated soil samples were then dehydrated successively on ceramic plates at water 
potential of -3, -6, -15, -30, -50, -100, and -500 kPa. At the water potential more negative than -500 kPa, 
samples were shifted to air-dry at a room temperature of 20 ± 2°C continuously for 7 d. Measurements were 
taken on the second day (airdry02), fourth day (airdry04), and seventh day (airdry07). They were then stepwise 
ovendried at 30, 60, and 105°C. At each step, soil moisture ratios were recorded from mass measurement, and 
the vertical deformations were measured at 9-points on the soil surface using a caliper gauge. Due to 
homogeneous samples, the soil-volume changes in this study were assumed to result from isotropic shrinkage. 
For more details please see Peng et al. (2009). 

Results and discussion 
All measured soil shrinkage curves are sigmoidal for the four different soil-sand mixtures, although their 
starting points of the saturated void ratios are different (Figure 1). The stronger the applied stress, the more the 
saturated void ratio and the total pore volume were reduced. At a given soil texture, the three soil shrinkage 
curves, derived from three different transient stresses, were parallel to each other. The only difference was that 
soils loaded by the stronger stress presented a narrower structural shrinkage phase on the moisture ratio aspect. 
The coefficient of linear extensibility (COLE), which is defined as the one-dimensional variation of soils 
between wet and dry states, was not significantly different between the three loaded soils (Figure 2). Figure 2 
also shows that their slopes at the inflection point of their shrinkage curves fitted by Equation (1) were identical. 
This similarity demonstrates that the mechanical stress simulating the tractor load does not alter soil shrinkage 
behavior. 

Effect of stress on soil moisture release 

The rigid pores reduced by the stress were in general macropores, while the micropores were far less 
susceptible. Therefore, moisture ratios were smaller at less negative water potentials for the soils loaded by 
higher stress, but they finally tended to converge together with those of the lightly-loaded soils when the water 
potential reached more negative than -30 kPa (Figure 3). Consequently, hydraulic properties were different at 
near saturation as affected by the stress, but they were assumed to be same for the pores which were finer than 
the pore size equivalent to -30 kPa water potential. 
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Figure 1. Example of parallel shrinkage curves loaded by different mechanical stresses (S 0) 
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Figure 2. Effects of mechanical stress on the COLE (a) and the slope at the inflection point (b) of soil shrinkage 

curves fitted by Equation (1) for the four soil-sand mixtures. 
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Figure 3. Example of soil water release curves loaded by different mechanical stresses (S 0) 

 
Conclusions 
The mechanical stress stemming from tractor tillage management cannot change nonrigid pores but it can 
compact rigid pores, especially macropores. The change of rigid pores does not modify pore shrinkage capacity, 
so that the loaded soil shrinkage curves are parallel to each other with identical shrinkage slope and COLE 
values. Based on these, we developed a numerical model to explain the relationship between soil volume (e), 
soil moisture (ϑ) and mechanical stress (σ). The soil shrinkage behavior after loading can be predicted. This 
study improves our understanding of the dynamic of nonrigid soil structure with hydraulic and mechanical 
stress.  
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Abstract 
In order to describe the effect of land use changes on the dynamic behaviour of structure dependent properties of 
an Andisol in southern Chile, disturbed and undisturbed soil samples were collected in a native forest (NF), 
cropland (C) and 30 year old pasture (P). The soil cores were subject to mechanical (n: 4) and hydraulic stresses 
(n: 7) to evaluate their i) soil deformation (COLE: coefficient of linear extensibility calculated for mechanical 
and hydraulic stresses), ii) pore functions and iii) resilience. The hydraulic deformation was less (COLEhd: 0.04-
0.08) when compared to the effect of mechanical stresses (COLEml: 0.3-0.5). On the other hand, the volume 
recovered after the hydraulic (52% and 33% in 5 and 20 cm depth) stress was greater than after the mechanical 
stress (28% and 19% in 5 and 20 cm depth). The land use change affected the volumetric resilience of the soil, 
particularly after soil compression. The latter is related to the amount of soil organic carbon. Both mechanical 
and hydraulic stresses altered the bulk density of the soil. However, while the loading cycle induced a decrease 
of air conductivity as a consequence of a reduction of macro pores, the drying cycle caused an increase in air 
conductivity due to the formation of continuous macro pores between aggregates.  
 
Key Words 
Soil structure, consolidation, shrinkage, resilience, pore functions, volcanic soils 
 
Introduction 
It is well known that Andisols (Soil Survey Staff, 2006) exhibit very special natural properties like variable 
charge, high phosphate retention (Shoji et al., 1993), low bulk density, large air and water holding capacity 
(Ellies, 1988; Dorel et al., 2000), high hydraulic conductivity (Ellies et al., 1997), stable soil aggregates (Hoyos 
and Comerford, 2005) and great shrinkage capacity (Dörner et al., 2009). The volcanic soils in southern Chile 
cover a wide range of land uses (e.g. native forest, grasslands and croplands) allowing us to evaluate the effect 
of an intensification of land use on structure dependent properties and their resilience after different kinds of 
stresses. The structural changes are not only due to external forces like e.g. soil compaction (Ellies, 1988; Ellies 
et al., 2000), but also to internal processes as a consequence of water menisci forces during wetting and drying 
cycles (Seguel and Horn, 2006; Dörner et al., 2009). This study’s objective was to describe the effect of land 
use changes on the dynamic behaviour of structure dependent properties of an Andisol depending on external 
and internal forces and their consequences on soil deformation, function and resilience. 
 
Methods 
Soil and land uses 

An Andisol (Serie Los Lagos) was used to determine the effect of three land use systems (NF: native forest, C: 
crop, P: 30 years old pasture) on the dynamic behaviour of structure dependent properties (bulk density and air 
conductivity) as a function of load/unload (l/u) and drying/wetting (d/w) cycles.  
 
Soil sampling and measurements 

The sampling took place at the beginning of October 2008. Disturbed and undisturbed soil samples were 
collected at 5 and 20 cm depths at the three land uses of NF, C and P. In order to define the soil response to 
mechanical and hydraulic stresses, the undisturbed soils were sampled in metallic cylinders of 220 and 110 cm3, 
respectively.  
 
Laboratory determinations  

General properties of the soil such as soil texture, organic carbon, and allophane among others, were measured 
as presented in Dörner et al. (2009). 
In order to determine the soil shrinkage curve, the samples (n: 7) were first carefully saturated from beneath and 
then drained at matric potential values of -1, -2, -3, -6, -15, -33, -50 kPa. To characterize the shrinkage 
behaviour at matric potentials lower than -50 kPa, samples were shifted to dry air conditions (20 and 30ºC for 
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10 and 14 days, respectively). Thereafter, the samples were rewetted again and then dried at the same matric 
potential values as in the first drying cycle and shifted to dry air conditions (20 ± 2°C) for 14 d and then 
stepwise oven dried at 30, 60, and 105°C. From saturation and throughout the different matric potentials, 
dehydration temperatures and rewetting, the water content and vertical deformation (measured in 7 points for 
each soil sample) were recorded with an electronic balance and caliper gauge (0.05 mm accuracy). The air 
conductivity of each sample was recorded with an air permeameter at a matric potential of -60 hPa.  
 
To define the soil response to mechanical stresses, soil samples (n: 4) equilibrated at matric potential values of -
60 hPa were placed in an odometer to define the consolidation curve. The samples were stressed uniaxially at 6, 
12, 25, 50, 100, 200 and 400 kPa by static loading for 6 minutes. Thereafter, the loads (σn) were removed until 
200, 100, 50, 6, 1 kPa were reached. The soil deformation was measured during the experiment (0.05 mm 
accuracy).  
  
Calculations  

The coefficient of linear extensibility (COLE) was used to evaluate the effect of the land use change on the 
dynamic behaviour of the soil volume as a consequence of a load/unload and drying/rewetting cycle. This index, 
which defines the one-dimensional variation of soils from wet to dry conditions (Grossman et al. 1968) has been 
used by many authors (Gray and Allbrook, 2002; Peng et al., 2007) to quantify the shrinkage magnitude. The 
hydraulic COLE during rewetting (hr) after air drying at 30ºC and after complete drying (hd) was calculated as 
follows: 

C

C
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L

LL
COLE

º30

0º30 −
=           (1)                                                                       
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L
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º1050 −
=          (2)  

where L0, L30ºC and L105ºC are the length of the sample at saturation and after air and oven drying at 30 and 105 
ºC, respectively. We modified the index for the load (COLEml) and unload cycle (COLEmu):   
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where L0, Lσn and L400kPa are the length of the sample at the beginning, after different normal stresses and 400 
kPa.   
 
Results 
General properties of the soils 

The high SOC concentration, large TP and the presence of allophane are typical characteristics of volcanic soils 
(Table 1). SOC and allophane are depth-dependent properties. While allophane and particle density both 
increase, SOC decreases with soil depth in NF and P. SOC in C slightly increase as a consequence of soil 
ploughing. Among the three land uses the grain size distribution and the amount of allophane did not present 
large differences at the same depth. However, the shift from NF to cropland causes a decrease of SOC by 20% 
in C and 22% in P for the top 5 cm layer. On the other hand, the total porosity (TP) decreased by 5 and <1% 
when land use changed from NF to C and to P.  
 
Table 1: General properties of the soils studied. 

Land Use Depth Sand Silt Clay Allophane SOC ρs TP 
[-] [cm] --------------------------------[g/kg]--------------------------------- [g/cm3] [%] 
NF 5 354 531 115 70 93.9 2.05 66.9 
 20 546 350 105 118 47.6 2.36 71.5 
C 5 366 512 123 80 75.4 2.24 62.9 
 20 480 407 113 105 80.0 2.30 64.7 
P 5 377 493 130 94 73.1 2.24 66.5 
 20 410 470 120 110 68.4 2.36 74.9 
Sand: 2000 – 630 µm, Silt: 630 – 2 µm, Clay: <2 µm; SOC: soil organic carbon, ρs: particle density, TP: total porosity, 
 
Effect of land use on soil deformation and resilience as a consequence of mechanical and hydraulic stresses 

Both mechanical and hydraulic stresses induced soil deformation as expressed by COLE (Figure 1A). The 
hydraulic deformation was smaller as compared to the effect of mechanical stresses. The change in land use 
affected the mechanical COLE, i.e. as the soil was disturbed/ploughed and then compacted (soil under crop and 
pasture) the COLE decreased from NF to C 23% and NF to P 38% at the 5 cm depth. Similar tendencies were 
observed at the 20 cm depth and were also true when the drying intensity of the soil in the field increased as a 
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consequence of the land use change (exception NF to P at the 5 cm depth). 
 
The soil resilience was also evaluated with COLE (Figure 1B). All depths were able to recuperate partly as 
compared to the initial conditions. The volume recuperation after the hydraulic (π: 52% and 33% at 5 and 20 cm 
depths) stress was greater than the mechanical (π: 28% and 19% at 5 and 20 cm depths) indicating that the 
applied load largely exceeded the precompression stress while the preshrinkage stress probably did not. The 
land use change affected the volumetric resilience of the soil, particularly, after soil compression. The latter, 
which was not so clear after hydraulic stress, is related to SOC as also assessed by Ellies (1988).  
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Figure 1. Effect of mechanical and hydraulic stresses on the coefficient of linear extensibility (COLE) after (A) load 

(0 – 400 kPa)/drying (0 hPa – 105ºC) and (B) unload (400 – 0 kPa)/rewetting (30ºC – 0hPa) for different land uses 

(NF: native forest, C: crop, P: 30 years old pasture) and depths (5 and 20 cm). Bars indicate ± 1 standard error.  

 
Soil structure and its functional resilience after mechanical and hydraulic stresses 

Both kinds of stress induced an increase in the bulk density (Figure 2). The mechanical stress induced the 
largest differences in bulk density before and after the compression cycle (NF: 34%, C: 29% and P: 19%).   
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Figure 2. Effect of mechanical and hydraulic stresses (b and a: before and after compression or drying cycle, 

respectively) on the bulk density for different land uses and depths (A:  5cm and B: 20 cm depth). Bars indicate ± 1 
standard error. 

 
The soil deformation altered the soil structure (Figure 2) and consequently the pore functions as expressed by 
the air conductivity (Figure 3). However, the effect of both kinds of stress differed, i.e. while the air 
conductivity decreased as a consequence of soil compaction, the same property increased when, due to water 
menisci formation, soil shrinkage and crack formation took place.  
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Figure 3. Effect of mechanical and hydraulic stresses (b and a: before and after compression or drying cycle, 

respectively) on air conductivity for different land uses and depths (A: 5cm and B: 20 cm depth). Bars indicate ± 1 

standard error. 

 
Conclusion 
The soil structure (e.g. bulk density) of the studied Andisol presented a dynamic behaviour and changed as a 
consequence of drying/rewetting and load/unload cycles. An intensification of the land use induced greater 
mechanical and hydraulic stresses in the soil. The latter meant improved structure stability (e.g. lower COLE) 
but lower resilience. Both mechanical and hydraulic stresses altered the bulk density of the soil. However, while 
the loading cycle induced a decrease of air conductivity as a consequence of a reduction of macro pores, the 
drying cycle caused an increase in air conductivity due to the formation of continuous macro pores between 
aggregates.  
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Abstract 
The use of soils for agriculture replaces natural vegetation cover with an intermittent coverage by crops. Thus, 
the protection of soils from direct raindrop impact is temporarily suspended. Soil slaking and sealing are the 
inevitable consequences. Although these processes affect only the uppermost soil layer of some millimetres in 
depth, soil slaking and sealing impede substantially the infiltration of rainwater into the soil. The paper presents 
a theoretical approach which allows one to estimate the change of hydraulic permeability at the soil surface as a 
function of time after tillage and tillage practice. Based on laboratory and field experiments the method is tested 
exemplarily.  
 
Key Words 
Soil structure, rain water infiltration, soil erosion 
 

Introduction 
Soil slaking and sealing are frequent features of many cultivated soils. The terms ‘slaking’ and ‘sealing’ refer to 
the breakdown of soil aggregates and the formation of a sealing skin that makes the soil surface less permeable 
(Mualem et al 1990; Assouline 2004). The physical processes of soil slaking and sealing are the result of the 
kinetic impact of raindrops on the soil surface and the translocation of soil particles by flowing water. When the 
drop impact forces exceed the internal cohesion of the impacted soil aggregates they break down into primary 
mineral particles. These particles are transported by surface runoff or washed into the soil surface layer (Figure 
1). When deposited the translocated particles could clog soil pores and form superficial layers characterised by 
higher bulk density and lower saturated hydraulic conductivity than the soil beneath (Betzalel et al 1995). Due 
to the loss of soil water storage and infiltration capacities soil erosion and the risk of flooding are substantially 
increased. Based on laboratory and field experiments this study aims to estimate the change of hydraulic 
permeability at the soil surface as a function of time after tillage and tillage practice.  
 

 
Figure 1.  Scheme of soil slaking and sealing processes (adapted from Greener (2001)). 
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Methods 
This paper refers to the EROSION 2D/3D computer model which simulates soil erosion by water on single 
slopes and small catchments (Schmidt 1996). The runoff subroutine of EROSION 2D/3D uses a modified Green 
and Ampt infiltration equation in order to calculate rainfall excess: 

( )0sf

0ms

0m

ss
tk2

kgki

ΘΘρ

Ψ

Ψ

−⋅

⋅⋅
⋅+⋅=  

where i ... infiltration rate [kg/(m2 s)], ks ... saturated hydraulic conductivity [(kg s)/m3], g ... gravity [m/s2], Ψmo 
... matric potential related to the initial water content Θ0 [N m/kg], t ... time [s], ρf ... fluid density [kg/m3], Θs ... 
saturated water content [m3/m3], Θ0 ... initial water content [m3/m3]. 
According to Campbell 1985 the saturated hydraulic conductivity can be estimated by applying the following 
empirical function: 
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where ks ... saturated hydraulic conductivity [(kg s)/m3], ρb ... bulk density [kg/m3], T ... clay content [kg/kg], U 
... silt content [kg/kg], b ... parameter [-], D ... mean diameter of soil particles [m], σP ... standard derivation of 
the mean diameter of soil particles [-]. 
 
Because Campbell’s equation presupposes a rigid soil matrix the temporal variability of soil structure due to 
tillage, slaking and sealing, shrinking and swelling, biological activities etc. have to be considered by an 
additional empirical parameter which allows one to calibrate the saturated hydraulic conductivity ks on the basis 
of measured data. In the EROSION 2D/3D model this parameter is called skin-factor Skf. Values of  Skf <1 
reduce the infiltration rate, in order to take the effects of soil slaking and sealing as well as anthropogenic 
compaction into account. Values of  Skf >1 causes  a positive correction of infiltration rate, e.g. for the 
consideration of an increased infiltration in macropores due to soil shrinking, biological activity or tillage 
impact. If Skf =1 infiltration rate is obviously not affected by either slaking and sealing or macropores. Figure 2 
shows the effect of altering the skin-factor in order to fit simulated infiltration rates to measured data from plot 
experiments. 
 

 
Figure 2.  Measured and simulated infiltration rates as a function of time with skin-factor used as fitting parameter. 

 

Results 
Using experimental data from two soil erosion plots the temporal variability of skin-factors was estimated as a 
function of time after tillage. Experiments were conducted on silty soils because these are susceptible to soil 
slaking and sealing in particular. Data refer to 6 natural rainfall events over a period of approx. 100 days. 
Generally the results show that just after ploughing the hydraulic conductivity of the top soil is artificially 
increased and Skin-factors are characterized  by values >1. However, because of the weak stability of the 
loosened top soils they change back to their original bulk density after a certain period of time. Linked to this 
process generally a compacted and less permeable skin is formed at the soil surface. Accordingly Skinfactors 
decrease to values <1. 
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Figure 4 refers to results of laboratory experiments using three different rainfall intensities produced by a 
capillary rainfall simulator. The skin-factor is plotted as a function of cumulative rainfall instead of time as 
depicted in Figure 3. The loosened soil at the beginning of the experiment results in rather high skin-factors. As 
expected, skin-factors decrease with cumulative rainfall and approach a constant value of approximately 1 
indicating a stable soil structure. Surprisingly, rainfall intensity does not affect the skin-factor reaction. 
Consequently kinetic energy of raindrop impact can not be the main trigger for seal formation in contrary to the 
results of Betzalel et al (1995). 
 

  

Figure 3. Change of skin-factors over time after tillage 

(based on experimental results of Botschek 1998). 
Figure 4. Skin-factor as a function cumulative rainfall 

 
 
Figure 5 shows skin-factors of 32 fields in the loess region of southeast Germany classified according to 
different tillage practices. Data are results from plot experiments using a nozzle-type rainfall simulator.  
 

 
Figure 5.  Variation of skin-factors depending on tillage practice (Schindewolf and Schmidt 2009). 

 

Conservation tillage aims to reduce the impact of tillage operation on soil structure by using shallow working 
cultivators instead of more invasive plows. However, conservation tillage techniques are not defined very well, 
which might be the reason for the great variation of the resulting skin-factors compared to conventional tillage. 
Non-tillage practices result in significantly higher skin-factors indicating a higher amount of macropores open 
to the soil surface compared to conventional and conservation tillage. 
 
Conclusion 
The hydrologic effects of soil slaking and sealing can be estimated adequately by using the skin-factor 
approach. Skin-factors decrease with time after tillage respectively cumulative rainfall due to gradual structural 
disintegration of the soil surface. The decrease is not affected by rainfall intensity. Non-tillage practices tend to 
increase skin-factors suggesting a higher share of macropore-flow to infiltration compared to conventional and 
conservation tillage. 
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Abstract 
Soil physical and chemical properties determine the hydrological behaviour of soil. From this hypothesis, the 
objective of this study was to establish pedotransfer functions able to determine soil hydrodynamic 
characteristics from the analytical data available in the current soil maps of Segura River watershed. The range 
of values and the average of every soil parameter were estimated for every soil type. In this work, granulometric 
characterization was carried out in addition to water retention capacity at 1/3 and 15 atm pressure to 685 arable 
soil layer samples corresponding to surface A horizons from the soil profiles. It was proven that these 
parameters did not show important changes on most predominant soil types of the area, being only different in 
Arenosols, Cambisols, Vertisols and Fluvisols. Therefore, hydrodynamic behaviour of these soil types must be 
influenced by those parameters. 
 
Key Words 
Hydrodynamic properties, FAO soil units, texture, water retention capacity, semiarid soil 
 
Introduction 
Water flow and availability of the soils-plant-atmosphere system is controlled by its hydric and hydrodynamic 
properties. The soil water behaviour is conditioned by physical properties and the chemical properties affecting 
to soil physical characteristics. Soil surface characteristics regulate water distribution in the hydrological cycle. 
In this way, soil water has a dynamic behaviour whose understanding achieves a key importance, mainly in 
areas with serious water stress as it occurs in the Segura River catchment. 
 
A very important soil function, as a component of the ecosystem, is the collecting, storage and control of water 
dynamic within soil profile. This soil function is fundamental for biomass productivity and suitable 
environmental conditions. An appropriate soil infiltration increases the soil capacity for the storage of available 
water for plants and aquifers recharge with the decrease as a consequence of runoff and soil erosion. Soil water 
movement and storage are controlled by the structure of surface soil horizons. Crust formation and soil 
compaction could lead to soil sealing. (Duley 1939; Morin et al. 1989). 
 
In this study the soil granulometric characterization and soil moisture retention at 1/3 and 15 atm from the A 
horizons of 685 soil profiles were accomplished. From these data base an estimation of the effects of above 
mentioned parameters on hydrodynamic soil properties of the Segura River Basin was carried out. 
 
Methods 
Study area and previous data 

The study was carried out in the Segura River Basin (Murcia, Spain) from the data base constituted by soil 
parameters of surface horizons (A) of soil profiles studied in the LUCDEME Project (Fight against the 
desertification in the Mediterranean, 1983-2006).  
 
Statistical methods. 

The data were statistically treated using the R software. When conditions of normality and homoscedasticity 
could be assumed, an ANOVA test was carried out to compare means; otherwise a non-parametric test of 
comparison of ranges was applied (Wilcoxon Test)  
 

Laboratory methods 

Soils were classified following the “World Reference Base for Soil Resources 2006” (FAO-ISRIC-IUSS, 2006). 
Surface soil samples (0-30 cm) for laboratory analysis were sieved through 2 mm mesh. The following 
parameters were analysed: Water retention capacity was determined by membrane method (Richards 1941) at 
1/3 atm (field capacity) and 15 atm (wilting point). Available Water (AW) was considered the difference 
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between water retained at pF 1/3 and 15 atm. Granulometric analysis was determined after total dispersion of 
soil samples by shaking with sodium hexametaphosphate at 5%. Sand, silt and clay fractions were isolated from 
the dispersed samples through decantation and extraction with a Robinson pipette. 
  
Results 
More than 40% of the total soil units in the FAO-ISRIC-UISS (2006) classification were differentiated in the 
Segura Basin (Figure 1) The most spreaded soil was Calcisols, covering 51% of the Basin area. The following 
in extension order were Regosols,  Leptosols and Fluvisols covering 14,86, 14,24 and 10,93 of the surface area 
respectively. The other nine units constitute all together, only the 8% of the Basin area. There was evidence, out 
of this soil units distribution, of the predominance of soils with ochric epipedon, while the mollic epipedon was 
only evident in Kastanozems, Phaeozems  and some Leptosol. 
 
With regard to granulometric composition, in general the balanced textures prevail, with sand and silt averages 
ranging between 30 and 40% and clay about 20%. However, a more detailed analysis of the data showed clear 
differences among some of the main soil units. In this way, the highest differences occur in Arenosols, which, as 
can be expected, have a very coarse texture, being the sand average near 95% of the total mineral fractions in 
the soil. The same occurs with Cambisols, where the sand fraction was the 67.83%, while clay and silt fraction 
only reach 14%. 
 
Totally opposite to those mentioned above are Vertisols, in which the prevailing fractions are clay (56.52%) and 
silt (42.80%), with sand averages lower than 1%.  
 
The rest of the main units showed  apparently similar granulometric compositions, with clay aggregates close to 
20% except for the Fluvisols where this percentage has an increase up to a bit more of 25%,  may be as a 
consequence of  their fluventic origin and their physiographic location, predominantly valley bottoms and 
alluvial plains. 
 
The pF values at 1/3 and 15 atm and, therefore, the water availability, showed that the most main units have 
levels ranging between 12 and 13%, so that, as it happened with the granulometric composition, we can assume 
that their hydrodynamic behaviour is very similar. Arenosols and Cambisols have statistically lower water 
availability values (p<0,01), in concordance with their sandy texture, while in Gleysoles and Fluvisols, values 
were 14.80 and 19.64% respectively, so higher than the media, although this diference has no statistical 
signification. 
 
Table 1.  Average values  of water content (%) and principal granulometric fractions of surface horizons by RSG.  

Soil Group pF 1/3 atm pF 15 atm AW* Sand (% ) Silt (% ) Clay (% ) Area (% )

Arenosols 3,85 1,66 2,19
a

94,23
a

2,37
a

3,40
a

0,24

Calcisols 23,59 12,16 11,43
b

39,82 
b

35,49
b

19,98
b

51,97

Cambisols 15,34 7,78 7,56
a

67,82
a

14,85
a

14,28
a

0,24

Fluvisols 34,43 14,79 19,64
b

26,65 
b

42,13
c

25,47
b

10,93

Gipsisols 26,21 14,38 11,83
b

35,35
b

41,94
c

13,51
a

3,26

Gleysols 25,90 11,10 14,80
b

44,00 
b

29,21
b

23,5
b

0,05

Kastanozems 25,79 12,73 13,06
b

34,60
b

39,89
b

22,11
b

0,05

Leptosols 29,78 16,75 13,03
b

40,38 
b

34,10
b

19,14
b

14,24

Luvisols 26,25 12,63 13,62
b

38,01 
b

34,81
b

19,38
b

0,38

Phaeozems 28,16 14,53 13,62
b

45,04 
b

33,40
b

19,95
b

0,48

Regosols 25,15 12,72 12,44
b

36,97 
b

37,52
b

20,20
b

14,86

Solonchaks 27,20 14,58 12,63
b

32,87 
b

44,26
c

18,94
a

2,59

Vertisols 33,00 20,90 12,10
b

0,68
c

42,80
c

56,52
c

0,05  
 
Therefore, we can say that Calcisols, Leptosols and Regosols represent more than 80% of the soils of the area 
we are studying and according to their texture and  water retention capacity they must have a very similar 
hydrodynamic behaviour, regarding the A horizon level. Fluvisols are on the fourth place with almost 11% of 
total surface. These soils showed a statistically higher clay percentage (99%, p<0,01) than Arenosols, 
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Cambisols, Gypsisols, Solonchaks and as a consequence their hydrodynamic behaviour is expected to be 
different. The nine main units of remaining soils are scarcely represented, since they together do not reach the 
8% of the surface, and their hydrodynamic behaviour, in accordance with the variables considered, must be 
similar to the three first soils. In the case of Arenosols  and Cambisols, with higher sand percentages than other 
units (p<0,001), different hydrodynamic properties can be expected . 
 
Eventually, Pearson correlation index has been obtained (Table 2) for the variables studied, and we can say that 
the pF both at 1/3 and 15 atm are well correlated with the granulometric components, particularly with the sand. 
Likewise, as for the water availability (AW) the best correlation occurs with lime. 
 
Table2. Correlation (Pearson index) between soil water content and granulometric analysis. 
 

 pF 1/3 atm pF 15 atm AW Sand Silt Clay 
pF 1/3 atm 1 0,930982365 0,909533383 -0,918501816 0,908744499 0,658574037 
pF 15 atm  1 0,695027606 -0,942378689 0,872894029 0,767700954 
AW   1 -0,736050239 0,795942793 0,423790508 
Sand    1 -0,919147198 -0,824896878 
Silt     1 0,546740641 
Clay      1 

 
After considering the results and, without regarding the main soils groups that show significant differences both 
in their texture and water retention capacity (AW) and which on the other side are those in percentage terms less 
represented in the area, we can state that these parameters do not determine the hydrodynamic soil properties, at 
least at the surface horizon. 
 
In this sense, and bearing in mind that the water storage and movement are controlled by the texture and 
structure of horizons close to the surface (Duley 1939; Morin et al. 1989), we can expect that the structure 
development and stability in the soils studied will not be as homogeneous as the texture and therefore, the 
structure will be the main contributor to the soils hydrodynamic properties. Likewise , the soil use affect the 
infiltration capacity (Kutilek and Nielsen 1994) so that the different size pores distribution and continuity as 
well as the cracks present among the aggregates are  deeply affected by it, what we can translate as a reduction 
of the water availability and the number of biopores (Francis and Knight 1993) 
 
Conclusions 
At the sight of the results we can conclude that: 

1. In the area, 13 out of the 32 main soil groups are represented. These groups according to their relevance 
are: Calcisols, Regosols, Leptosols, Fluvisols, Gipsisols, Solonchaks, Phaeozems, Luvisols, Arenosols, 
Cambisols, Greysols, Kastanozems, and Vertisols. 

2. According to the horizon surface texture (A), more than 80% of soils have a very similar composition 
and, therefore, their hydrodynamic behaviour in terms of this parameter must be similar. 

3. Arenosols and Cambisols have textures whose predominant fraction is sand, with percentages of 94.23 
and 67.83% respectively. Likewise, water retention capacity is very low (2.19 and 7.56, respectively). 
On the other hand, Vertisols have the highest percentage of clay and the lowest of sand and their water 
retention capacity is 12.10%. According to this, these variables can be used to differentiate the 
hydrodynamic behaviour of these soils.. 

4.  The pF both at 1/3 and 15 atm is well correlated with the granulometric components and best of all 
with sand. Likewise, as for the water availability (AW) is best correlated with lime. 

 
Acknowledgements 
To the Instituto Euromediterráneo del Agua for making possible the development of the research project 
"Characterization of the Segura River Basin physical and hydrodynamic properties” inside which the studies of 
this paper are framed.  



© 2010 19th World Congress of Soil Science, Soil Solutions for a Changing World 
1 – 6 August 2010, Brisbane, Australia.  Published on DVD. 

36 

References  
Aguilar J, y Ortiz R (1992) Metodología de capacidad de uso agrícola de suelos. In ‘III Congreso Nacional de la 

Ciencia del Suelo. Conferencias plenarias y comunicaciones’. pp. 281-286 (Ed Eurograf SL Pamplona). 
Bouma J, Van Lanen A (1987) Transfer functions and threshold values: from soil characteristics to land 

qualities. In‘Proceedings of an International Workshop on Quantified Land Evaluation Studies’ (Ed. KJ 
Ter Beek, PA Burrough, DE McCormack). pp. 106–110. (ITC, Enschede, the Netherlands). 

Duley FL (1939) Surface factors affecting the rate of intake of water by soils. Soil Sci. Soc. Am. Proc. 4, 60-64. 
FAO (1977) Guidelines for soil description (Rome) 
FAO-ISRIC-IUSS (2006) World reference base for soil resources 2006. In ‘World Soil Resource Reports’ Volº 

103. FAO. Rome. 
Kutilek M, Nielsen DR (1994) Soil hydrology. Catena-Verlag, Germany. 
Morin J, Karen R, Benyamini Y, Ben-Hur M, Shainberg I (1989) Water infiltration as affected by soil crust and 

moisture profile. Soil Science 148, 53-59. 
Walkley A, Black IA (1934) An examination of the  method for determining soil organic matter and a proposed 

modification of the cromic acid titration method. Journal of Soil Science 37, 29-38. 



© 2010 19th World Congress of Soil Science, Soil Solutions for a Changing World 
1 – 6 August 2010, Brisbane, Australia.  Published on DVD. 

37 

Image analysis of differently managed clayey surface soils of Finland 
 
Kimmo RasaA, Thilo EickhorstB, MarkkuYli-HallaA and Rolf TippkötterB  
 
ADepartment of Applied Chemistry and Microbiology, University of Helsinki, Helsinki, Finland, Email kimmo.rasa@helsinki.fi 
BInstitute of Soil Science, University of Bremen, Bremen, Germany 
 
Abstract 
The porosities and pore shapes of boreal clayey surface soils (5 cm) were studied using image analysis of soil 
thin sections. The three adjacent sites investigated were vegetated buffer zones (BZs), which were either grazed, 
harvested or not managed at all. The purpose of the study was to evaluate the impact of these management 
practices on the surface soil structure of BZs. Water infiltration is essential for functioning of the BZs, as it 
reduces overland flow and contributes to reduced load from agricultural areas to water bodies. The results 
revealed that macro porosity (> 50 µm) was high in all studied sites. The majority of the macro pores consisted 
of large (>1000 µm) elongated irregular pores, indicating a complex and well-interconnected pore system, 
which is conducive to water infiltration. The differences between the studied sites were smaller than expected. It 
was hypothesized, that biological activity and fluctuating soil moisture typical of the boreal climate zone, i.e. 
wetting-drying and freezing-thawing cycles, might have reduced off the differences in the surface soil structure 
in the studied sites. 
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Introduction 
Vegetated buffer zones (BZ) are established to mitigate erosion and nutrient load from agricultural areas to 
water bodies. For the proper functioning of BZ, the structure of the surface soil should allow adequate 
infiltration in order to reduce overland water flow. Regardless of management practice, the surface soil structure 
of BZ should not be damaged. In Finland, vegetation from BZ is commonly removed by grazing cattle, but this 
practice may have destructive effects on soil structure (Pietola, 2005). 
 
For decades, soil micromorphology has been qualitatively used to study soil structure as it appears in nature 
(Kubiena, 1938). In the 1970s, technological development allowed quantitative detection of soil porosity with 
computer aided digital image analysis of soil thin sections (e.g. Murphy et al., 1977). Image analysis proved to 
be an efficient tool to study differences in soil structure under various management practices or treatments 
(Ringrose-Voase, 1991). For example, changes in pore number, pore size distribution and pore shape pattern 
have been used as indices of the effects of conventional and zero tillage on soil structure (Pagliai et al., 1984).  
 
The aim of this study was to document the surface soil porosity, especially the complexity of the pore system, of 
three differently managed vegetated BZs using soil thin sections. Quantitative information of pore size, number, 
and shape was obtained using image analysis. This study contributes to increasing of structural properties of 
boreal clay soils in general. More specifically, these results help assess the effects of different management 
practices on the functioning of vegetated BZs. 
 
Material and methods 
Experimental area and soil sampling 

Soil samples were taken from a Vertic Stagnic Cambisol (IUSS Working Group WRB 2006) at Jokioinen, in 
southwestern Finland (60° 48' N, 23° 28' E). The texture was silty clay (clay 51%, silt 42%, and sand 7%). 
Three replicates of undisturbed soil samples were collected from the surface soil of three adjacent experimental 
areas, differing in management practice and vegetation, to prepare soil thin sections. These sites were a) 14-
year-old natural vegetation with grass species and scrubs at natural state (natural), b) 14-year-old vegetation 
with grass species, harvested once a year (harvested) and c) 3-year-old vegetation with grass species, grazed by 
cattle (grazed). The names in parentheses are used later on. 
 
Preparation of soil thin sections 

Water was removed from the soil by wet dehydration applying a graded series of acetone (Tippkötter et al., 
1986). Unsaturated polyester resin (Palatal P50-01, Büfa) with acetone as a thinner was used for the embedding 
of these samples (Tippkötter and Ritz, 1996). Polymerization time was set by the concentrations of the hardener 
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CHP (1.7 ‰) and the cobalt-accelerator (0.85 ‰) and resulted in seven weeks at room temperature. Totally, 
nine vertical thin sections were produced. 
 
Image acquisition and analysis 

Thin sections were placed on a transilluminator and images for the analyses of porosity were taken with a digital 
camera (Canon EOS 350D; 8 megapixels). These images were transformed to binary images (Photoshop CS, 
Adobe) and the image analysis software AnalySIS 3.2 (Soft Imaging) was used to measure pore area (A), 
perimeter (Pe) and convex perimeter (Peco) for pores larger than 50 µm equivalent pore diameter (EPD). The 
form factor (F) was calculated by the equation F = A Pe-2. Elongated pores have a form factor <0.015, for 
irregular pores this factor is 0.015–0.04 and for rounded pores >0.04 (Bouma et al., 1977). Elongated pores 
were further classified into four shape classes according to Pagliai et al. (1984): convex perimeter per perimeter 
ratio is <0.3 for very irregular pores, 0.3–0.5 for moderately irregular pores, 0.5–0.7 for moderately regular 
pores and >0.7 for regular pores. 
 
Results  
Soil porosity (equivalent pore diameter > 50 µm), expressed as a percentage of investigated area, was highest 
(17%) in the grazed site, whereas in the natural and harvested sites the porosity was 14% and 12%, respectively 
(SE 3.9, LSD 13.4). The number of pores per cm2 varied between 97 and 118 (SE 7, LSD 23). 
 
Soil porosities expressed as a percentage of investigated area in different shape classes according to shape factor 
are presented in Table 1. Elongated pores contributed major proportion of the porosity, with the minor variation 
between the sites. The number of pores per cm-2 decreased in the following order: elongated < irregular < 
rounded. 
 
Table 1. Porosity in different pore shape classes in vertical thin sections expressed as a percentage of total porosity 

and the number of pores per cm2. Results are averages of three thin sections. Standard errors (SE) and least 

significant difference (LSD) are with 6 degrees of freedom. 

               % of total porosity           Number of pores per cm2 
 Rounded Irregular Elongated Rounded Irregular Elongated 

Natural 1 4 95 46 33 18 

Harvested 2 6 92 57 41 20 

Grazed 1 4 95 48 38 21 

SE 0.5 1.4 1.9 3.0 3.1 1.8 

LSD 1.7 4.9 6.6 10.5 10.8 6.1 
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Figure 1. Pore shape distribution of elongated pores analyzed by image analysis in vertical thin sections (left). Pore 

size distribution (EPD) of elongated pores analyzed by image analysis in vertical thin sections (right). Error bars 
indicate standard errors of the means. 

 
The shape distribution of elongated pores expressed as a percentage of porosity related to elongated pores 
(representing over 90% of the total porosity) is presented in Figure 1 (left). High irregularity was typical for 
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elongated pores, less than 10% of them were classified regular and moderately regular pores, irrespectively to 
management practice. A clear majority of the porosity consisted of pores larger than 1000 µm EPD (Figure 1, 
right). Differences between the studied sites were minor. 
 
Discussion 
Soil macro porosity (equivalent pore size > 50 µm) was large in the surface soil of all studied sites. Detected 
pores were divided into three shape classes: rounded, irregular and elongated, according to form factor. Less 
than 10% of the porosity consisted of rounded and irregular pores. All rounded pores belonged to the size 
classes smaller than 300 µm EPD, probably generated by small roots and soil fauna (VandenBygaart et al., 
1998). Pores belonging to the elongated class were studied in more detail because of their high relevancy. 
 
Classification of pores according to ratio between the convex perimeter to perimeter divides pores into classes 
ranging from regular (rectangular pores) to the very irregular (tortuous, curved, digitate, U-shaped pores). The 
majority of the elongated pores were characterized by irregularity, which expresses the complexity and 
interconnectivity of the pore system (VandenBygaart, 1999). Moreover, the pore size distribution of the 
elongated pores revealed that far over 65% of the detected soil macro porosity was composed of large elongated 
pores >1000 µm EPD.  
 
Differences in soil porosity between studied vegetated buffer zones were less evident than expected. In the 
boreal climate periods of water saturation, dry spells and freeze-thaw cycles have an impact on soil structure. 
These factors, together with biological activity, level off differences in soil structure (Sveistrup et al., 2005).  
 
Conclusions 
The macro porosity was large in all studied sites. It was strongly dominated by large elongated and irregular 
pores. This indicates a complex and well-interconnected pore system, which favors water infiltration into the 
soil. Seasonal changes in soil moisture content and biological activity were suggested to level off differences 
between the studied sites managed differently. Image analysis provided valuable information about soil 
porosity, but did not lead to an unambiguous conclusion whether vegetated BZ can be grazed without 
detrimental influence on surface soil structure. Further studies, such as qualitative description of thin sections 
and additional image analysis of horizontal thin sections are still needed to verify these results. 
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Abstract 
Root-induced changes to soil hydraulic properties (SHP) are a vital component of the soil-vegetation 
hydrological feedback, and the change in water balance that occurs following a change in land use such as 
revegetation of mine earth covers. In this paper we review our recent work that attempts to quantify the 
processes by which soils modify SHP and the consequences of this for the water balance. We illustrate the 
dominant mechanism by which roots modify SHP is the modification of pore geometry. We developed models 
to predict the effect of roots on SHP, based upon the assumption that the geometry of roots within pore space 
can be represented by concentric cylinders. Model predictions agreed with observations: the greatest effect of 
roots on SHP is in near- to saturated hydraulic conductivity; however, the size of the effect depends upon soil 
texture, root decay, and the connectivity of root modified pores. Simulation modelling showed that the root 
modification of SHP caused the greatest change to the water balance in fine-textured soils, mainly because of an 
increase in infiltration rate and subsequent decrease in runoff. We identify a number of areas that require further 
investigation to improve our understanding of how roots modify SHP. 
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Introduction 
Root-induced changes to soil hydraulic properties (SHP) can have a significant effect on the hydrology of an 
ecosystem. In arid environments, these changes are an important component of the soil-vegetation hydrological 
feedback, where they contribute to increased water availability to plants by increasing the rate and /or depth of 
rainfall infiltration where vegetation is present. This feedback can lead to the development of spatial vegetation 
patterns that form an optimal run on – run off system. Also, when a land use change occurs such as from annual 
crops to forestry, or the revegetation of mine-site covers. 
 
Until recently, the most common approach to modelling root-induced changes to SHP employed an empirical 
relationship between vegetation density and infiltration rate (HilleRisLambers et al., 2001). This model has been 
used to investigate the effect of environment factors on the spatial organisation of vegetation in arid areas (e.g. 
Ursino, 2007). However, this relationship is not universally applicable to all ecosystems and it assumes an 
instantaneous increase in infiltration rate, whereas in reality there is a time lag between plant establishment and 
an increase in infiltration rate that is dependent upon the lifespan and rate of decay of the root system. The 
development of a model that was process based and applicable to a range of soils and plant types was a major 
motivation of the work we report here. 
 
In this paper we review our recent work that attempts to bridge the gap between studies on root physiology and 
root-induced changes to SHP. First, we discuss the processes associated with root growth that lead to changes in 
SHP. We then present a modelling framework for quantifying the impact of roots on soil hydraulic conductivity 
and water retention, which has the advantage of being compatible with physically-based water flow models and 
we illustrate the impacts of root-induced changes on the water balance by combining the two. Finally, we 
discuss the research questions that our work has raised which need to be addressed to improve our capacity to 
predict the impact of root-induced changes on SHP at an ecosystem level. 
 
Processes by which roots modify soil hydraulic properties 
The evidence available suggests that changing pore space geometry is the dominant mechanism by which roots 
modify SHP (Scanlan, 2009). First, changes to pore geometry are more permanent, lasting for time periods of 
months to years (e.g. Petersson et al., 1987), while changes to fluid properties and aggregation persist over 
much shorter time scales (e.g. Norton et al., 1990). Second, the changes to pore geometry lead to changes in 
SHP of a greater magnitude. For example, changes in saturated hydraulic conductivity of -90% (Barley, 1953) 
to 650% (Li and Ghodrati, 1994) have been attributed to roots blocking pore space, and creating macro-pores 
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when they decay respectively. In contrast, changes to fluid properties only changed water content by 7% where 
the whole soil solution was treated, whereas in reality only the solution in the vicinity of the root is affected. 
Based upon this, we developed a modeling framework that considered root-induced changes to pore geometry 
only. 
 
Modeling Framework 
The central assumption to our modelling framework is that the geometry of roots with pores can be simplified to 
concentric cylinders (Scanlan, 2009) (see Figure 1). To calculate capillary rise within concentric cylinders hc we 
derived an expression based upon the same assumptions used to calculate capillary rise within a single cylinder 
hs. Specifically, these assumptions are that capillary rise is due to a balance of upward and downward forces 
acting on the liquid, where the upward forces are a product of cylinder radius, surface tension and wetting angle, 
and the downward forces are a product of cylinder radius, liquid density and gravitational acceleration. 
Expressions for flux between concentric cylinders had been derived previously (Cutlip and Shacham, 1999; 
Wantanabe and Flury, 2008). 
 

 
Figure 1. Cross-sectional illustration of capillary rise within a single cylinder (a) and within concentric cylinders (b). 
Note – drawing not to scale. 

 
To quantify how capillary rise, flux and volume within a single cylinder will change when an inner cylinder is 
introduced we derived dimensionless expressions that are a function of the ratio of root radius to pore radius β 
only (Scanlan 2009). These ratios are presented graphically in Figure 2. We followed this approach because it 
allowed us to examine the effect of varying root radii on soil hydraulic properties.  
 

 
Figure 2. The effect of the ratio of root radius to pore radius on the change in flux, volume and capillary rise in 
pores with roots present (Scanlan, 2009).  
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Figure 2 illustrates the effect that the ratio of the radius of the inner cylinder to the radius of the outer cylinder 
has on flux, capillary rise and volume. The steepest increase in capillary rise occurs when β is greater than 0.8. 
The steepest decrease in flux occurs at values of β near to 0, which occurs because the inner cylinder is placed 
where velocity is highest in a single cylinder. 
 
We modified existing models that predict the hydraulic conductivity and water retention functions of soil to 
include our scaling functions for flux, capillary rise and volume for root-occupied pores (Scanlanl 2009). We 
modified the capillary bundle model by conceptualising the pore volume as bundles of pores with and without 
roots present. We assumed that roots modified the radius of pores that they occupy according to their root radius 
frequency distribution. We then modified the van Genuchten-Mualem model (van Genuchtenl 1980) using the 
multi-domain approach (e.g. Ross and Smetteml 1993), conceptualising the soil as two domains: pore space 
with and without roots. While both of these models predict the same output, they are fundamentally different. 
The capillary bundle model is based upon physical principles with only one empirical parameter that describes 
the connectivity of the flow path, whereas the (van Genuchtenl 1980) effective saturation function requires 
empirical parameters that describe the shape of the hydraulic conductivity and water retention functions. The 
differing basis of these models provided a complementary approach in our attempt to quantify the most 
important factors leading to root-induced changes to SHP. 
 
Comparison of predicted changes in SHP with observations 
Overall, the changes in hydraulic conductivity and water retention predicted by our models are in agreement 
with observations. The greatest effects predicted and observed due to root-induced changes were in the near- to 
saturated range of hydraulic conductivity (Ks). Our models also predicted either an increase or a decrease in Ks 
depending upon β, soil texture and the connectivity of root-occupied pores. This is in agreement with 
observations, where a decrease in Ks due to roots typically occurs when the plant is young and the roots are fully 
intact (e.g. Barley, 1954), then an increase in Ks occurs when the roots decay and create macro-pores (e.g. Li 
and Ghodrati, 1994): analogous to high and low values of β respectively. 
 
Simulation modelling showed that root profile and soil texture determined the amount of change to the water 
balance. We implemented the modified van Genuchten (1980) model in a one dimensional soil-water flow 
model and simulated infiltration under ponded conditions for a loam soil one metre deep with free drainage at 
the bottom of the profile (Scanlan, 2009). When comparing infiltration rate in the loam before and after root 
modification we found that it was only greater, by approximately 700%, when the connectivity of root-modified 
pores was high and where roots were evenly distributed throughout the profile. This is slightly greater than the 
range of 200% (Meek et al., 1989) to 600% (Rachman et al., 2004) increases in ponded infiltration rate in field 
conditions that have been attributed to root-modification of SHP. However, there are two important differences 
between the simulated and real conditions: the vertical distribution of roots in real soils is typically exponential 
(e.g. Jackson et al., 1996), and under real ponded infiltration lateral divergence of water flow occurs. 
Comparison of the simulated and observed changes in ponded infiltration rate suggests that the increase in 
infiltration rate that has been observed is due to a small number of relatively straight root-induced macro-pores. 
 
Year-long simulations using high resolution rainfall data showed that root-induced changes had a significant 
effect on the water balance on fine-textured soils. We compared runoff, storage, and uptake for perennial plants 
growing on a sand, loam and clay with and without root-induced changes to SHP. Storage and uptake were 
significantly greater on the root-modified clay compared to the clay in its original state, which was due to an 
increase in hydraulic conductivity near the soil surface and as a result, a greater amount of rainfall infiltrating 
into the soil. This work provided a valuable first step in assessing how root induced changes will affect the 
water balance, however, further work is required as the impact of these changes on the water balance is likely to 
be sensitive to the combination of soil texture, plant type and rainfall distribution (Fernandes-Illescas et al., 
2001). 
 
Outlook 
Our research has highlighted a number of areas of research that require further work to improve our capacity to 
predict how root-induced changes to SHP affect the water balance. Field and laboratory measurement of SHP 
before and after root modification is required to test the validity of our assumptions: the connectivity of root-
modified pores in particular. Also, in our work the parameterisation of the domain with roots was based upon 
‘fine’ roots only, which were usually excised from larger roots. The multi-domain structure of our modified van 
Genuchten model is ideally suited to incorporating large roots and warrants further work.  
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We anticipate that moving from one- to two-dimensional analysis will also help to improve our understanding 
of how root-induced changes affect the water balance. 
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Abstract 
The concern with soil physical quality has grown in recent years, particularly due to serious problems caused by 
soil use. The objective of this research was to evaluate the soil physical quality of irrigated areas in the State of 
Ceará, Brazil, through the use of the Least limiting Water Range (LLWR) and the S index. Undisturbed soil 
samples were collected at 5-10cm depth in three areas, natural vegetation (NV), area under banana cultivation 
(B) and a pasture area (P), all located in Jaguaribe-Apodi Irrigated District, Limoeiro do Norte, Ceará, Brazil. 
The LLWR was determined using the water retention curve, the soil resistance to penetration and soil bulk 
density, parameters needed to obtain the upper and lower limit. The S index was obtained from the water 
retention curve. The S index was sensitive to soil structure alterations caused probably by tillage. The variation 
of the LLWR differed between the studied areas as a function of the soil bulk density. The LLWR and S index 
seem to be good indicators of soil physical quality, and it was noticed that soils under cultivation suffer an 
alteration of their structure compared to soils under natural vegetation. 
 
Key Words 
Soil water retention curve, soil resistance to penetration, inflection point, soil degradation, soil structure 
 
Introduction 
Soil physical quality is a concept of growing interest in recent years due to the knowledge that soil use may 
cause disturbance, and consequently, reduce its capacity for sustainable production (Silva et al., 2007). The 
Least Limiting Water Range (LLWR) is an indicator of soil physical quality and soil structure that joins in only 
one parameter the effects of bulk density, aeration, soil resistance to penetration and soil water retention on the 
development of plants, being capable to indicate situations of stress (Tormena et al., 1998; Leão, 2002). The S 
index was first proposed by Dexter (2004) as an indicator of soil physical and structural quality, based on the 
water retention curve (WRC), where the inflection point curvature is zero, corresponding to the S index. Being 
in a semi-arid region, the area of Jaguaribe-Apodi in the State of Ceará, Brazil, is dependent on irrigation 
practices to be productive, with soil degradation resulting from intensive use and inadequate soil practices. 
Thus, this study was conducted to evaluate the soil physical quality of irrigated cultivated areas compared to 
areas under natural vegetation, in the State of Ceará, Brazil, through the use of the LLWR and S index. 
 
Methods 
Site location and description of soils  

The areas for the study are located in the Jaguaribe-Apodi Irrigated District, Limoeiro do Norte, Ceará State, 
Brazil, and classified as Haplic Cambisols (Embrapa, 2006). The climate of the region is BSw'h', characterized 
as hot and semi-arid. It has an annual maximum and minimum temperature of 36ºC and 22ºC, respectively, with 
annual mean temperature of 28.5°C. The area receives approximately 772 mm of annual mean precipitation, 
with an annual mean potential evapotranspiration of 3215 mm and annual relative humidity of 62%. The 
dominant relief of the region is regular, uniform, very soft declivity, varying between 0.5 – 1.5%, and situated 
100 m above sea level (DNOCS, 2009). The selected areas were as follows: Banana (B) (5°9'15” S and 
37°59'55” W), cultivated with banana cv. “Prata anã” irrigated daily during the dry season (June-December) 
with microsprinklers; the machines used in the area is tractor with subsoiling. Second, a Pasture area (P) 
(5°12'54” S and 38°01'52” W), cultivated for 10 years with “capim tifton” (Cynodon niemfluesis) and irrigated 
with center pivot irrigation systems. Also during the dry season, the machines used in the area during the 
haymaking are: line trimmer, hay bob, baling press and tractors, and, third, an area without agricultural 
management under natural vegetation (NV) located next the cultivated areas, considered as a reference area. 
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Sampling and analysis 

Undisturbed soil samples (5-cm diam. by 5-cm length on average) were collected at 5-10cm depth, saturated  
with water and split into twelve groups, each of which were equilibrated on pressure plates at twelve matric 
pressures: -10; -20; -40; -60; -80; -100; -300; -500; -800; -1000; -5000 and -15000 KPa (Klute, 1986). After 
equilibration, samples were weighed and soil resistance to penetration (PR) was measured on each sample with 
an electronic penetrometer, with a constant speed penetration of 1 cm min-1. The samples were then oven dried 
at 105 ºC for 48h and the water content and bulk density determined (Blake and Hartge, 1986). The values of 
PR data were regressed against θ and Ds using the model proposed by Busscher (1990), described as follows: 
PR = a θb Dsc [1], where PR is the penetration resistance (MPa), Ds is the bulk density (Mg m-3), θ is the 
volumetric humidity (m3 m-3) and, a, b and c are constants.  
 
The least limiting water range was determined following the methodology described by Silva et al. (1994) and 
Tormena et al. (1998). The critical values of humidity associated with the matric potential, penetration 
resistance and air-filled porosity were selected from the literature: field capacity (θFC) at -0.01 MPa (Reichardt, 
1988); permanent wilting point (θPWP) at -1.5 MPa (Savage 1996); penetration resistance (θPR) at 2.0 MPa 
(Taylor, 1966) and air-filled porosity (θPA) at 0.10 m3 m-3 (Grable and Siemer, 1968). At each Ds the LLWR is 
the difference between the upper limit and the lower limit. The upper limit is the drier θ of either θFC or θPWP 
whereas the lower limit is the wetter θ of either θPWP or θ PR (Silva et al. 1994).  
 
To the elaboration of the soil water retention curve (SWRC) were used three samples of each area for each 
pressure and adjusted according to the equation [2] proposed by van Genuchten (1980):  
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The negative sign associated to the n parameter of equation [3] was corrected once the adjustment of the SWRC 
was done considering the matric potential, consequently, facilitating the discussion of the results. An S value of 
0.035 was established as the limit between soils with good and poor soil structural quality (Dexter, 2004).  
 
All samples were analyzed using orthogonal contrasts from the unfolding of the two degrees of freedom for 
each treatment. The contrasts were tested by the F test (P< 0.01) against the mean square of the residue gotten 
by the analysis of variance, in a completely randomized design with three replications. The natural vegetation 
area (NV) was compared against the Banana area resulting in the contrast C1. The contrast C2 compared the NV 
against the Pasture area, and, the contrast C3 compared the two cultivated areas.  
Results 
The estimated soil physical quality data using the S index are shown in Table 1, where van Genuchten 
parameters of the model were highly influenced by the soil management practices as observed by the 
coefficients. The θsat parameter was significant (P<0.05) for the contrast C1 and C2, being higher for the NV 
area, followed by Banana and Pasture areas. The θr and m parameters were significant (P<0.01) for contrast C2, 
n was significant (P<0.05) for contrast C1 and C2, and S was also significant for contrast C1 and C2 (P<0.01) 
and for contrast C3 (P<0.1). The S index varied in function of the soil management systems, revealing to be a 
good sensitive parameter to describe the soil structure alterations. The pasture area showed an index of 0.028, 
lower to the limit between a good and poor soil structural quality, probably having an inadequate pore 
distribution, consequently having unfavorable physical conditions for root development. 
 
The four limiting water contents, i.e., θFC, θPWP, θPR, and θPA, as well as the LLWR for each observed Ds are 
shown in Figure 1. Shaded areas represent the LLWR, where the upper limit corresponds to θPA from Ds values 
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of 1.54, 1.59 and 1.57 Mg m-3, for natural vegetation, banana and pasture areas, respectively. These high values 
of bulk density can be associated to an inadequate root development influenced by poor oxygen diffusion. The 
θPR defined the lower limit, but, the higher influence of the LLWR was also found in various soils with different 
soil textures, from clayed soils (Tormena et al., 1998) to silt and sandy loam (Silva et al., 1994).  
 
The area under natural vegetation did not show LLWR null values for the Ds (Figure 1A), that combined with 
the high value of the S index, confirming the indications that soils under natural vegetation generally have better 
physical properties (Reynolds et al., 2002). On the other hand, in the areas under cultivation, were observed 
either increases on the θPR and declines on the θPA as a consequence of the rise in the Ds, in agreement with the 
results showed by Silva et al. (1994). The LLWR narrowing observed in Figures 1B and 1C characterized the 
losses of physical soil quality as a result of the stress caused by the soil management under the cultivation areas, 
as stated by Silva and Kay (1996). Crops grown on soils that have a narrow LLWR are hypothesized (Kay, 
1989) to be more vulnerable to both drought and excess wetness than soils having a wider LLWR.  
 
The total variation extent of the LLWR was less for the area under pasture cultivation in comparison to the other 
two areas, varying from 0.27 to 0.31 m3m-3 for θv and from 1.51 to 1.61 Mg m-3 for bulk density. This lower 
extent of the LLWR in conjunction with the lower S index value, characterize the loss of soil physical quality, 
where the soil humidity at the moment of soil tillage during the haymaking could contribute to the significant 
increase of soil degradation in the area. 
 
Table 1.  Water retention curve coefficients for the van Genuchten model (θsat, θres, α, m, n), coefficient of 

determination (R2) and S index of the cultivated areas and under natural vegetation in the Jaguaribe-Apodi 

Irrigated District, Ceará State, Brazil. 

 

 
 
 
 
 
 
 

 

 

 
NV: Natural Vegetation; B: area under Banana cultivation; P: area under Pasture cultivation. θsat: saturated water content; 
θres: residual water content; α, m e n: van Genuchten parameters; C1 = (B vs NV); C2 = (P vs VN); C3 = ( B vs P). ***, 
**, * and ns = significant at 1%, 5%, 10% and not significant, respectively. 

 

=θCC; = θPA ; = θRP; = θPMP 

 
Figure 1. Variation of water content in function of the bulk density (Mg m-3) under the critical levels of field 

capacity (ψ = -0.01 MPa), permanent wilting point (ψ = -1.5 MPa), air-filled porosity of 10% and penetration 

resistance of 2 MPa, at a 5-10 cm depth in areas under Natural Vegetation (A), under Banana cultivation (B) and 

under Pasture cultivation (C). Shaded areas represent the LLWR. 

 

Conclusion 
Both, the LLWR and S index showed to be good indicators of soil physical quality in irrigated areas in the State 
of Ceará, Brazil, where soils under intensive cultivation might lead to detrimental effects in some properties as 
structural degradation compared to areas under natural vegetation. It is time for these areas to turn into no-till 
management especially if they are predicted to be a long-term soil use. 

 van Genuchten Parameters     
Area/ θsat θres Α m n S R2 

Contrast m3 m-3          
NV 0.465 0.179 0.106 0.163 10.95 0.062 1 
B 0.387 0.199 0.217 0.266 1.915 0.041 1 
P 0.375 0.169 0.219 0.167 1.598 0.028 1 

Orthogonal contrast  
C1 ** ns ns ns ** ***  
C2 ** * ns * ** ***  
C3 ns ns ns ns ns *  
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Abstract 
To make a proper evaluation and better understanding of gas component movement inside a landfill site, and 
investigation of the different parameters related to gas flow is important. In this study, air permeability (ka) and 
gas diffusivity (Dp/Do; where Do is the gas diffusion coefficient in free air) were measured as a function of soil 
air content (ε) in final cover soil at Maharagama landfill in Sri Lanka. The ka and Dp were measured at different 
gravimetric water content in some samples and another set of samples were treated under different pF 
conditions (pF= log (-ϕ) where ϕ is the soil water matric potential in cm H2O). Results showed that greater 
variation of ka with ε in both experimental conditions. The ka rapidly increased with ε at relatively higher 
gravimetric water condition and then less variation near field water content and finally at drier condition the ka 
increased again with ε significantly. Dp/Do exhibited exponential variation with ε. Based on measured data, 
predictive models for Dp and ka were tested and pore connectivity parameter (α) and water blockage parameter 
(X) were calculated accordingly. 
 
Key Words 
Air permeability, gas diffusion coefficient, predictive models, pore connectivity, water blockage 
 
Introduction 
Gas generation and transport phenomenon are very important to understand in landfills to improve 
environmental aspects, landfill gas recovery or air supply for a better aeration inside the site. Moreover, when 
landfill gas is released into the atmosphere or migrates beyond landfill boundaries, it threatens the environment 
as well (Kallel et al., 2004). In recent years, landfills have been identified in greenhouse warming scenarios as 
significant sources of atmospheric methane (CH4). In addition, it is well known that toxic gases such as 
hydrogen sulphide (H2S) and volatile organic chemicals (VOC) are emitted from the landfill sites (Song et al., 
2007). All these gases are emitted to the environment through the final cover soil layer, therefore better 
understanding of transport, fate and emission of gases through such a final cover layer plays vital role as 
mentioned in many studies (Moon et al., 2008; Kallel et al., 2004). Moreover, open dumpsites are being 
gradually replaced by sanitary landfills where negative impacts to the environment are less compared to open 
dump site in developing countries (Chiemchaisri et al., 2007). 
 
The gas exchange through the final cover soils is controlled by advective and diffusive gas transport. Air 
permeability governs the advective gas transport induced by soil-air pressure gradient, while gas diffusion 
coefficient is governed by soil-gas concentration gradient. Generally, landfill final cover soils are highly 
compacted to prevent precipitation infiltration. Weeks et al. (1992) have reported bulk density (ρb) ranging from 
1.57- 1.74 (g cm-3) for differently-textured landfill cover soils. Further in this study, the field investigation 
showed that the in situ bulk density reached 1.90 (g cm-3). Soil compaction has a major impact on gas transport 
characteristics. Hamamoto et al. (2009) showed that soil compaction simultaneously caused reduced water 
blockage effects and reduction of larger-pore spaces. It is a widely accepted fact that the soil physical and 
chemical properties of soil and soil texture are also vital for gas transport phenomena. Therefore selection of 
construction material for final cover soils is needed to be considered in engineering applications.  
 
In this study, the main objective was to measure the gas transport parameters and to test with some acceptable 
models in landfill final cover soil at Maharagama in Sri Lanka where municipal solid wastes were dumped and 
final soil cover was applied. 
 
Methods 
Materials and Method 

A waste landfill site located at Maharagama in Sri Lanka was selected as a sampling site in this study. The final 
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cover soil at the sampling site is highly compacted, exhibiting dry bulk density (ρb) of around 1.90 (g cm-3) and 
a total porosity (φ) of 0.35. Further, some data used in this study was from Saitama landfill. Undisturbed soil 
samples were taken from the final cover soil and the soil sample was sieved through 2 mm mesh to eliminate 
effects of gravel and coarse sand size fractions (75.0-2.0 mm) on gas transport and obtain homogeneous 
physical properties. The composition and physical properties of the soil samples are shown in Table 1. 
 
Table 1. Composition and physical properties of Maharagama and Saitama landfill cover soils. 

Particle size fraction (%) 

Gravel Sand Silt Clay 
Particle 
density 

Bulk 
density 

Total 
porosity EC 

Landfill site 
( > 4.75 

mm) 

(4.75-
0.075 
mm) 

(0.075-
0.005m

m) 

(<0.0
05m
m) 

Soil 
texture ρs (g 

cm-3) 
ρb (g 
cm-3) φ 

pH 
mS 
m-1 

Maharagama 10 40 35 15 
Silty 
Sand 2.77 ≈ 1.90 ≈ 0.35 5.4 32 

Saitama 36 42 13 9 
Silty 
Sand 2.66 ≈ 1.85 ≈ 0.29 5.6 27 

 
Compaction tests were performed for soil samples at different water content using (ASTM D 698-07). Water 
contents of soil samples were adjusted by adding water to air-dried soil samples. In the compaction tests, the 
soil samples were repacked into large soil cores (i.d. 15 cm, length 12 cm) at a compaction level ( 600 kN m-2) 
(Figure 1). The falling height (H) and weight of rammer (M) for compaction levels was 30.5 cm, and 2.5 kg, 
respectively and 56 blows were applied per layer (3 layers). The results of the compaction tests are shown in 
Figure 1.  
 
After compaction tests, two 100 cm3 core samples (i.d. 5.1 cm, length 4.1 cm) were taken inside each repacked 
large core. After each 100 cm3 core sample was water-saturated, the core samples were drained at different 
matric suctions and the gas diffusion coefficient (Dp) and air permeability (ka) were measured. The Dp was 
measured on the repacked 100 cm3 soil cores with a diffusion chamber method. Oxygen was used as tracer gas 
and measured as a function of time in the diffusion chamber. In this study, the gas diffusion coefficient of 
oxygen in free air (D0) at 20 °C was used as 0.20 (cm2 s-1). The ka was measured by flowing air through a 
repacked 100 cm3 soil core. The ka was calculated from the Darcy’s equation based on the pressure difference 
across the core and the viscosity of the air (1.86×10-5 Pa s).  
 
Models applied 

Power-law type models for Dp/D0 and ka can be written in general form (Hamamoto et al., 2009; Moldrup et al., 

1998) as, 

PX

p

p

D

D
εα=

0

            [1] 

η

ε

ε








=

100100,a

a

k

k
           [2] 

where αp is pore connectivity parameters for Dp/D0 , and Xp is water blockage parameters for Dp/D0. The ka,100 
and ε100 are reference point values, where first term is for ka at pF 2 and latter was ε at pF 2, while η  represents 
the combined effects of tortuosity and connectivity of air-filled pores. Kawamoto et al. (2006) found that η= 
1+3/b, where b is the slope of soil-water characteristic curve in log-log coordinate system. 
 
Results 
Compaction curve for the investigated landfill cover soil 

The results of the compaction tests of standard method for investigated soil are shown in Figure 1. The bulk 
density (ρb) ranged from 1.88-1.93 (g cm-3) for the soil. The optimum moisture content was around 0.14 % for 
soil and the correspondent maximum dry bulk density was 1.93 g cm-3. The field water content was 10.50 %. 
From the Table 1, it is clear that the physical and chemical properties are different (mainly different clay, silt 
and gravel contents) in the both soils. 
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Figure 1. Compaction curve for the investigated Sri Lankan Soil. 
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Figure 2. (a) Soil water retention curve; (b) equivalent pore radius distribution function 
 

The soil-water retention curve and equivalent pore radius for soil are shown in Figures 2(a) and 2(b) 
respectively. In Figure 2(a) solid line shows the fitted van Genuchten (1980) model and open circles denote the 
experimental data in Maharagama landfill data with standard deviation. The next figure shows the equivalent 
pore radius distribution curve by Kosugi (1994) model. 
 

Gas transport parameter variation and model fitting 
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Figure 3. (a) air permeability and (b) gas diffusivity variation with soil air content. 
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Maharagama soil while closed squares denote the normal compacted samples. The closed rectangles show the 
pF controlled Saitama samples. The shaded area is to illustrate the soil air content relevant to field water content 
and dotted line is the optimum water content respectively. For the pF controlled samples power law model 
(Moldrup et al., 1998) fitted well. The relevant values and fitting parameters are shown in Figure 3(a). In 
addition to that power law model (Kawamoto et al., 2006) was fitted but it underestimated the experimental 
values. In the case of normal compacted samples the air permeability variation was significant at wetter 
condition and drier condition and at around field water content it was not so significant. For this kind of 
variation one reason may be the changes of structure formation as suggested by Poulsen et al. (2008). Other 
possible reason could be the packing effects of two different procedures. Figure 3(b) shows the gas diffusivity 
with ε. Eq.1 was fitted with data and fitting parameters are shown in the figure. For the comparison Japanese 
soil with fitting curve is shown. In generally gas diffusion is increased with ϵ and power law model and is well 
fitted with measured data.  
 
Conclusion 
Air permeability and gas diffusivity were measured as a function of soil air content in different water content. In 
normal compaction sample ka was initially increased with ε and then around ε correspondent to field water 
content, its variation was not so significant. Finally ka was increased significantly with drier conditions. This 
scenarios may suggest the structure formation with water content. In the case of pF controlled samples, ka was 
increased exponentially. Gas diffusivity was increased with ε and power law modal was fitted well. In 
comparison the two soils were nearly close in dry bulk densities and the fitting parameters were also 
approximately equal.  
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Abstract 
Mobilization, transport and deposition of soil colloids are the fundamental processes governing colloid-
facilitated transport of contaminants. Although significant progress has been made in understanding the 
processes involving mobilization and transport of colloids in porous media, the leaching of natural colloids from 
soil parent material is not yet fully understood. This study investigates the leaching of natural red-yellow soil 
colloids and simultaneous transport of applied water dispersible colloids (RYS-WDC) in the saturated soil 
columns packed with red-yellow soil from Okinawa, Japan at two different flow rates (60mm/h and 300mm/h) 
at different pH conditions (natural and low pH). The effluent was measured for turbidity, pH, EC, particle size 
distribution and bromide tracer applied with RYS-WDC. The leaching of natural soil colloid showed similar 
trend but different magnitude of leached colloids concentration. The breakthrough curve showed the highest 
colloid leaching at initial pore volumes and gradual decrease with significant tailing effect. Transport of applied 
colloid was observed to follow a different kinetics without tailing effects. Thus, it suggested that the natural 
leaching of colloids from red-yellow soil and the transport of applied water dispersible colloid extracted from 
the same red-yellow soil followed different kinetics. 
 
Key Words 
Soil colloids, column experiment, leaching, breakthrough curves 
 
Introduction 
Colloid mobilization and transport in porous media is of great significance for colloid-facilitated transport of 
organic and inorganic contaminants that adsorb to the particles and travel to a greater distance and cause soil 
and groundwater contaminations. (Grolimund et al., 1996; Kersting et al., 1999). Among the different sources 
of mobile colloids, particles that originate from the parent materials through particle release and detachment is 
the most common process (Ryan and Elimelech, 1996). Such in situ release of colloidal particles is mainly due 
to physical perturbations or changes in chemical composition of the pore water (Ryan and Elimelech, 1996). 
The mobilized colloids are transported through the subsurface and result into deposition. Colloid attachment and 
straining (Bradford et al., 2002) are the two key processes for colloid deposition in the porous media.  Despite 
the potential importance of the mobilization and transport processes, the release of colloid particles is poorly 
understood. Recently, a number of studies have been conducted focusing on different aspects of colloidal 
phenomena in porous media. However, most of the researches are focused on the transport of particles or model 
colloids, while release and mobilization of natural colloids from parent materials have received very little 
attention (Grolimund and Borkovec, 2001).   
 
This study investigated leaching, transport and deposition of natural colloids and water dispersible colloids 
extracted from red-yellow soil in saturated repacked column under steady irrigation using artificial rain water. 
The characteristics of natural colloids leaching and breakthrough of applied soil colloids were investigated at 
different flow rates and pH conditions.  
 
Methods 
Kunigami mahji, a red-yellow soil (RYS), sampled at a depth of 0-5cm from hilly site of Nakijison, Okinawa, 
Japan was used as the porous medium in all soil columns. The physiocochemical properties of the soil are given 
in table 1.  
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Table 1. Physicochemical properties of Okinawa red-yellow soil. 

 

Soil Name 
Depth 

cm 
Soil 

texture 
Clay 

% 
Silt 
% 

Sand 
% 

Loss on 
ignition 

% 

Particle 
density 
g cm-3 

pH 
Electrical 

conductivity 
mS/m 

Red-yellow 
soil 

0-5 
Clay 
loam 

27 46 27 11.2 2.72 8.3 17.4 

 
Artificial rain water (ARW) with composition 0.085mM NaCl and 0.015mM CaCl2 was used as the feed 
solution in all column experiments. Water dispersible colloidal solution (WDC) was prepared by mixing ARW 
and red-yellow soil in 1:100 (w/w) ratio, shaking for 24 hours and then letting it settle for another 20 hours. The 
RYS-WDC having Stoke’s diameter less than 2 µm was siphoned from the supernatant and filtered by 1 µm 
filter paper to be used in the experiments.  
 

Column experiments 

The sampled red-yellow soil was wet packed in a column (4.8cm in diameter and 10cm in height) to a bulk 
density of 1.05g/cm3. A 105 µm nylon filter was used at the bottom of the column to prevent any loss of fine 
soil particles. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Two sets of experiments with duplicates were conducted for each condition. The first two column experiments 
(No. 1 and No.2) were irrigated with ARW at an intensity of about 6cm/hr with peristaltic pump for a period of 
60 pore volume. In the other two column experiments (No. 3 and No. 4), two types of solution were fed to the 
column consecutively. ARW was first applied for a period of 20 pore volumes and water dispersible colloids 
extracted from red-yellow soil (RYS-WDC) was applied for next 20 pore volumes and finally ARW was again 
applied for the last 20 pore volumes. Similar procedure was applied for high flux and low pH conditions. The 
experimental conditions and application sequences are given in table 2. The effluents were collected and 
monitored for turbidity, pH, EC, particle size distribution and tracer bromide concentration. 
 
Results 
Mobilization and leaching of natural soil colloids 

The results of  mobilized natural colloid leaching from saturated repacked red-yellow soil at low flow rate-
natural pH, high flow rate-natural pH, and high flow rate-low pH conditions are illustrated in Figure 1-No.1, 
No.5, and No. 9, respectively. The leached natural colloids showed a similar trend but different magnitude with 
highest colloid leaching observed in low flow rate-natural pH conditions, which is twice as much as in high flow 
rate-natural pH condition. This is likely due to the more contact time. The least colloid leaching was observed at 
high flow rate-low pH condition. The colloid concentration increased immediately after the application of feed 
solution, reached maximum peak at around 4 pore volumes and gradually decreased with time. The results 
indicated that highly mobile colloid particles, weakly attached to the soil aggregate are released in the initial 
flush giving rise to the breakthrough curve (BTC). The colloids, which are strongly attached to the aggregate 
move slowly and become mobile colloids resulting in the tailing in the BTC.  

Table 2. Experimental conditions in column experiments. 

Column No. Flow Water flux Solution schedule

cm hour
-1

ARW WDC WDC mg L
-1

Br
-
 mg L

-1
PVs: pore volumes

        No.1 5.59          6.1     none

        No.2 5.99          6.1     none

        No.3 5.66          6.1     7.5     141 91

        No.4 6.01          6.1     7.5     141 91

        No.5 30.09        6.1     none

        No.6 30.52        6.1     none

        No.7 31.09        6.1     7.7     199 85

        No.8 32.42        6.1     7.7     199 85

        No.9 30.82        3.8     none

        No.10 30.64        3.8     none

        No.11 31.61        3.8     4.0     230 77

        No.12 31.27        3.8     4.0     230 77

none

low

high

     ARW 20 PVs           WDC 20 PVs        ARW 20 PVs

Initial concentration

of influent

none

none

none

pH

of influent

 Natural

  low

     ARW 60 PVs

     ARW 20 PVs           WDC 20 PVs        ARW 20 PVs

     ARW 20 PVs           WDC 20 PVs        ARW 20 PVs

     ARW 60 PVs

     ARW 60 PVs

none

none
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Figure 1.  
Results of colloid leaching from saturated repacked red-yellow soil columns at low flow rate-natural pH of influent, 

high flow rate-natural pH, and high flow rate-low pH conditions. No. 1, 5, and 9 represents mobilized natural colloid 

leaching breakthrough curves (BTC); No. 3, 7, and 11 represent natural and applied colloids BTC. The lowest 

figures show the breakthrough curves for the applied colloids obtained by the deduction of No. 1, 5, and 9 from No. 

3, 7, and 11, respectively. Open circles represents BTC for tracer bromide ion. 

 
Transport of applied water dispersible colloids 

Breakthrough and breakdown curves of applied water dispersible colloids with natural colloid leaching curves 
are shown in Figure 1 No. 3, No. 7 and No. 11 for the three different conditions. Assuming that the leaching of 
natural colloids and transport of applied water dispersible colloids occur independently, the breakthrough and 
breakdown curves for applied water dispersible colloids (total colloids minus natural colloids) were obtained in 
Figure 1 (bottom three Figures).  
 
The applied colloid breakthrough seemed to have reached plateau before breakdown, especially for high flow 
rate-natural pH. The curves also illustrate that both irreversible and reversible attachments of colloids are 
dominant in low flow rate condition but the irreversible attachment of colloids is more dominant in high flow 
rate conditions. Less tailing effect was observed for the transport of applied water dispersible colloids than for 
natural colloid leaching and thus, indicates that natural colloid leaching and transport of WDC follow a different 
kinetics. About 90% of the total applied colloids deposited at high flow rate and low pH conditions, while about 
50% were leached for natural pH conditions indicating the significant effect of pH in colloid mobilization and 
transport. The particles size distribution (PSD) of influent applied colloid is similar to the PSD of natural 
colloids (Figure 2).  
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Figure 2. Particle size distribution for influent applied water dispersible colloids, effluent natural colloids, and total 

of effluent applied colloids and natural colloids. 

 
Conclusion 
A series of column experiment were conducted to investigate the leaching and transport of soil colloids from 
red-yellow soil. Continuous natural colloid leaching was observed when artificial rain water was applied at the 
top of the column. When water dispersible colloid solution was applied, about 50% of the colloids were 
recovered from the effluent without tailing for high and low flux at natural pH condition. However, almost all of 
applied colloids were retained (only 10% recovered) at high flux and low pH condition. Natural colloid leaching 
and applied colloid transport follow different transport mechanisms, although the parent material for the both 
condition is from the same red-yellow soil. The knowledge regarding the colloid fate and transport in natural 
soils, obtained from laboratory experiments and numerical analysis is required for better prediction of colloid 
facilitated transport of contaminants. 
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Abstract 
The aim of this work was to assess the multifractal characteristics of pore size distributions measured by 
mercury injection porosimetry (MIP). Two pairs of soil samples were collected in plots with different 
topographic position and soil use, with each pair differentiated by distinct proportion of fine particles and 
organic matter contents. Macropore volume was higher on samples with higher clay and organic matter 
content. Mass exponent function, singularity spectra and generalized dimension spectra showed that 
multifractal distribution was a suitable model for mercury injection curves. Multifractal parameters 
extracted from singularity spectra and generalized dimension spectra reflected the main characteristics of 
the pore size distributions (PSDs). Therefore, it was concluded that multifractal analysis is useful for 
distinguishing between different patterns of pore size distributions obtained by Hg injection. 
 
Key Words 
Pore-size-distribution, indirect methods, multifractality, texture, organic matter content 
 
Introduction 
The pore size distribution (PSD) of a soil depends on the combined effects of texture and structure. The 
frequency distribution of soil pore sizes controls water and air storage and their transport into the profile. 
Greenland (1981) distinguished three pore size categories: i) transmission pores (>50 µm) responsible for water 
flow during drainage, ii) storage pores (50–0.5 µm) retaining most available water and iii) residual pores (<0.5 
µm) where chemical reactions occur. These criteria show a rough correspondence with soil hydraulic properties. 
Frequently, PSDs are obtained by indirect methods, even if they provide little information on pore geometry. 
The water retention curve is the most widely used method  to estimate PSDs. Mercury injection porosimetry 
(MIP) also has been recognized as an useful tool for characterizing the intra-aggregate porosity, from about 100 
to 0.005 µm, which includes the so-called textural pore domain and the smaller classes of the structural 
compartment (e.g. Fiès, 1992). 
 
Fractal models have been widely applied in soil science. Pore size distributions measured by MIP have been 
proven to be fractal in a limited range of scales (Bartoli et al., 1991). Interest has recently turned to multifractal 
analysis of porous media. The use of multifractal tools to understand soil porosity means that the PSD can be 
viewed as a singular statistical distribution and it is reasonable to explain it as a multifractal measure. Several 
authors carried out multifractal studies of PSDs obtained from image analysis (e.g. Posadas et al., 2003; Grau et 

al., 2006). Multifractal analysis of MIP data sets (Vidal Vázquez et al., 2008) is more recent. The aim of this 
study was to evaluate the performance of multifractal analysis for distinguishing between PSDs of soils with 
differences in both textural composition and organic matter content. 
 
Methods 
Two loam-silty soils were selected from Mabegondo (Coruña province) and Raigoso (Orense province), both 
located in Northwestern Spain, on the basis of differences in clay, silt and organic matter content. These soils 
will be next referred to as soil 1 and soil 2, respectively. Parent material was basic schist in Mabegondo and 
quaternary sediments in Raigoso. The soils were classified as Umbrepts according to the US Soil Taxonomy. 
Two different soil uses, grassland and cultivated were sampled on each site. Grassland plots were located at the 
footslope and exhibited hydromorphic features, whereas cropland plots were at the backslope. 
 
Pore size distributions were estimated by MIP, which enables the measurement of both the pressure required to 
force mercury into the voids of a dry soil sample and the intruded Hg volume at each pressure. The pressure 
required to force Hg into soil pores is a function of the contact angle, size, and geometry of pores and surface 
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tension. If the pores are cylindrical, then the relation between pressure, P (expressed in Pa), and equivalent pore 
diameter, d (expressed in mm), is given by the Young-Laplace equation: 
P = -4γcosθ/d  (1) 
where θ is the mercury-solid contact angle and γ is the surface tension of mercury. The values of θ and γ were 
taken as 140º and 0.480 Nm-1, respectively (Fiès, 1992). The PSDs were determined using a “Thermaquest 
Pascal 440” porosimeter. The equipment operates from 10 kPa to 300 MPa, equivalent to pores with diameter, 
d, ranging from 150 µm to 0.005 µm, respectively.  
 
Multifractal analysis of PSDs supported on an interval I = [a,b] with a diameter L requires a set of different 
boxes or subintervals of I with equal length. A common choice is to consider dyadic scaling down (e.g. Vidal 
Vázquez et al., 2008), which means successive partitions of the support in k stages (k=1,2,3…) that generate a 
number of cells N(δ) = 2k of characteristic size length, δ = L × 2-k, covering the initial interval I. The size 
interval of the experimental MIP curves ranged from 0.005 to 100 µm. Following this approach, the probability 
mass distribution, pi(δ), for each box  was estimated  as a proportion according to:  

t

i

i
N

N
p

)(
)(

δ
δ =   (2) 

where Ni (δ) is the pore volume of the ith box and Nt is the total volume of the system. To analyze the 
multifractal spectrum of the probability mass function the moment method was used which involves three 
functions: mass exponent, τq, singularity spectrum, f(α), and generalized dimension, Dq. First, the partition 
function χ(q,δ) was estimated from the pi(δ) values. The partition function scales with the box size, δ, as: 

)(),( qq τδδχ −∝   (3) 

where τ(q) is the mass exponent or scaling function of order q. For multifractal measures, the probability mass 
function, pi(δ), also scales with the box size, δ, as: 

i

ip
αδδ =)(    (4) 

where αi is the Hölder or singularity exponent, characterizing the scaling property peculiar to each ith box. On 
the other hand, the number Nδ (α) of boxes of size δ, where the probability has singularity exponent values 
between α and αi + dα,  obeys a power law as:  

)()( αδα fN −∝    (5) 

where f(α) is a scaling exponent of the boxes with a common α, called the singularity exponent. A plot of f(α) 
versus α is called the singularity spectrum. Following Chhabra et al. (1989), the functions α and f(α) can be 
determined by Legendre transformation as: 
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Multifractal sets can also be characterized by their spectrum of generalized dimension, Dq, which can be 
introduced (for all Dq ≠ 1) by the following scaling relationship:  
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For the particular case where q=1 equation (7) becomes indeterminate, so Dq is estimated by l´Hôpital’s rule. 
The generalized dimension, Dq, is related to the other sets of multifractal exponents. Hence, Dq, is obtained from 
the relationship with mass exponent, τq, which can be defined as: 

qDqq )1()( −=τ    (8) 

The generalized dimensions, Dq for q = 0, q = 1 and q = 2, are known as the capacity, the information (Shannon 
entropy) and correlation dimensions, respectively. 
 
Results 
Table 1 lists general properties of the studied soil samples. Soil reaction was very strongly acidic in Mabegondo 
and extremely acidic in Raigoso. Organic matter content of the soil samples under cropland was lower than 
under grassland in the two soils. Also differences in finer particles between soil uses were large with greater silt 
and clay values under grassland than under cultivated land.  
Table 2 shows the partial porosity values measured by MIP, for the equivalent diameter range from 100 to 0.005 
µm (i.e. the total cumulative intrusion size range) and also for the 100 to 50 µm, 50 to 0.5 µm and 0.5 to 0.005 
µm subintervals. On average the Hg volume injected over pore diameters between 100 and 0.005 µm was higher 
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under grassland than under cultivated land and for soil 2 compared to soil 1. The smaller porosity of aggregates 
sampled in cultivated plots is an expected result owing to differences in silt + clay and organic matter content. 
Each pair of samples showed great volume differences in the pores size class 100-0.5 µm, whereas residual pore 
volume (< 0.5 µm) was little affected by soil use and fine particle content.  
The three multifractal functions mass exponent, τq, (Figure 1) singularity spectrum, f(α), and generalized 
dimension, Dq (Figure 2) will be shown to be useful for describing multifractality. Mathematically, the 
multifractal property can be completely determined only by the entire fractal spectrum functions. Some 
characteristic values of these functions, however, portray the main characteristics of multifractality.  
 
Table 1. Composition of samples of the two studied soils under grassland and cropland. 

Soil Soil use pH O.M. 

(g kg-1) 

Sand 

(g kg-1) 

Silt 

(g kg-1) 

Clay 

(g kg-1) 

1 Mabegondo Grassland 5.0 75.5 111 680 208 
1 Mabegondo Cultivated 5.1 34.7 235 601 164 
2 Raigoso Grassland 4.0 79.6 125 665 210 
2 Raigoso Cultivated 4.3 20.4 204 625 171 

 
A comparison between the moment scaling function, τq, of all the studied PSDs and the scaling function of the 
simulated monofractal type is shown in Figure 1. The slope of the τq functions for q < 0 were different from that 
of q > 0, which means a multiple scaling nature, so that low and high density regions of the studied variable, the 
soil porosity, scale differently.  
 

Table 2. Pore volume in different diameter size classes of the two studied soils. Total pore size is 100-0.005 µµµµm. 

Soil Soil use 100-0.005 µm 
(cm3kg-1) 

100-50 µm 
(cm3kg-1) 

50-0.5 µm 
(cm3kg-1) 

<0.5 µm 
(cm3kg-1) 

1 Mabegondo Grassland 326 5 219 102 
1 Mabegondo Cultivated 272 5 155 112 
2 Raigoso Grassland 502 22 339 141 
2 Raigoso Cultivated 365 7 222 136 
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Figure 1.  Mass exponent function ττττq, versus q for the studied pore size distributions. 
 

Singularity spectra, f(α) versus α,  shown on Figure 2 have a strongly marked asymmetric concave down 
parabolic shape, also indicative of multifractal behavior. These are a powerful tool for charcaterize the 
simililarity and/or differences between the scaling properties of the measure and also enable us to examine the 
local property of the studied variable. The wider the spectrum (i.e. the greater the αmax-αmin value) the higher is 
the heterogeneity in the local scaling indices of the variable and vice versa. Moreover, dominance of extremely 
high or extremely low data values is related to the left- (q>>1) and right-hand (q<<-1) sides of the f(α) 
spectrum, respectively. 
The generalized dimension, Dq, would be a constant in the case of scale-invariant distributions but changes with 
q for multifractal measures, so that D0 > D1 > D2. The capacity or box-counting dimension, D0, was not 
significantly different from 1.00, which correspond to an Euclidean support. Results for D1 and D2 (Table 3) 
clearly support the hypothesis of singular behavior of relative pore volume distributions. The entropy or 
information dimension, D1, of the individual PSDs varied between 0.757 and 0.866 for the initial surface and 
between 0.656 and 0.727, whereas D2 ranged from 0.508 to 0.580. The R2 fits leading to a Dq spectrum were 
higher than 0.925 in the range of q moments -10 < q <10. Results of the generalized dimension analysis are in 
agreement with observations from the mass exponent function τq presented above. 
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Table 3. Mean values and standard deviation of selected multifractal parameters from Dq spectra. 

Soil Soil use D1 D2 D-10 D10 
1 Mabegondo Grassland 0.656 ± 0.024  0.508 ± 0.012 2.197 ± 0.625 0.386 ± 0.001 
1 Mabegondo Cultivated 0.700 ± 0.036 0.580 ± 0.059 1.896 ± 0.452 0.401 ± 0.056 
2 Raigoso Grassland 0.727 ± 0.043 0.569 ± 0.056 1.948 ± 0.235 0.367 ±0.072 
2 Raigoso Cultivated 0.663 ± 0.075 0.525 ± 0.102 1.961 ± 0.483 0.385 ± 0.101 
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Figure 2.  Singularity spectra f(a) and generalized dimensions, Dq, versus q for the studied PSDs. 

 

Conclusion 
Mercury intrusion analysis showed an increase of storage and transmission pore categories with increasing clay 
+ silt and organic matter contents, whereas no changes were detected in residual porosity. The scaling properties 
of PSDs measured by MIP could be fitted reasonably well with multifractal models. Multifractal analysis 
allowed discrimination between different patterns of pore size distributions. 
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Abstract 
The quantification of fluxes in structured unsaturated soils requires rigid pore systems as the key background 
parameter. Swelling and shrinkage, chemical, mechanical, and biological processes alter the internal soil 
strength and consequently also the pore diameter, continuity and pore functions as soon as the structural 
shrinkage, or precompression stress is exceeded by a more intense drying, or the corresponding stresses applied. 
The absolute error in quantifying the water retention functions for sandy, silty, clayey, as well as peat soils will 
range in between 3–10 vol. % water which also results in a variation of the hydraulic conductivity/matric 
potential relation of up to 2–4 orders of magnitude up to pF 3. 
 
Key Words  
Rigidity of pores, water retention curve, hydraulic conductivity, shrinkage, soil aggregation 
 
Introduction  
Darcy’s Law describes the 1-dimensional water flux under given boundary conditions which have to be 
fulfilled. Apart from this 1-dimensionality, also the laminar flow, inert properties, and complete pore rigidity are 
required in order to obtain validated results. Thus, these restrictions limit the applicability of the Darcy’s Law 
mostly to coarse textured or coarse sandy soils (if no turbulent flow occurs), while silty, loamy, and clayey 
textured substrates mostly would not fulfill these boundary conditions. Most current approaches for calculating 
water flow are based on a mass balance equation and Darcy’s Law. The use of material coordinates, instead of 
fixed spatial coordinates such as normally used for nonswelling soils, leads to a flow equation analogous to the 
Richards equation (Smiles, 2000). Thus, Darcy’s Law relates the volume flux of water, q, to the gradient in the 
hydraulic potential and the soil hydraulic conductivity.  If arable, forest, or anthropogenic soils are considered it 
is obvious that aggregate formation due to wetting and drying as well as due to biological activity occur as soon 
as soils contain some clay, but even if soils are coarser but more saline or have more expansive clay minerals 
also remarkable cracks are to be detected and proof that volume changes and reformation of pores generally 
occur.  
 
Generally, when matric potential decreases, menisci forces pull adjacent soil particles closer to each other and 
consequently decrease soil volume. Based on the findings of Baumgartl (2003), who described the parallelism 
of mechanical stress–strain curves and hydraulic stress (matric potential) and volume change behavior, Peng et 

al. (2007) showed that the link between the mechanical and the hydraulic prestresses result in nearly identical 
shrinkage curves.  Additionally, Baumgartl (2003) explained the differences between the mechanically induced 
collapse and the matric potential dependent shrinkage pattern by the dimensionless X factor. Stange and Horn 
(2005) showed the effect of nonrigidity on hydraulic functions as well as they developed corrected model 
equations for homogenized substrates. In the present paper we therefore discuss the following hypotheses: 1) 
soil hydraulic properties are only reliable in the preshrinkage i.e. structural shrinkage range and depend on the in 
situ hydraulic history; and 2) exceeding the structural shrinkage range results in a new 3-dimensional volume 
decline and altered retention curve and conductivity pressure head relations.  
 
Material and Methods 
Several disturbed and undisturbed soil samples were taken from various soil profiles with different geological 
origin in Northern Germany under arable and pasture conditions: Stagnic Luvisol (SS-LL), Gleysol (GGn), 
Stagnosol (SSn), Tschernosem (TTn), Lowland peat (HNn), Histic Gleysol (HN-GH). Table 1 informs some 
physical properties of the investigated sites. Both the water retention and the shrinkage characteristics of these 
undisturbed soil core samples (v = 470 cm³) were determined after complete saturation by capillary rise and 
drainage to fixed soil moisture tensions.  
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Table 1. Soil types, texture (according to the German classification system), structure, and bulk density of the 

investigated sites. 

abbreviation texture Structure ρρρρt clay fine middle 
silt 

coarse 
 

fine middle 
sand 

coarse 

    < 2 < 6,3 < 20 < 63 < 200 < 630 < 2000 
   [g cm-3]    [µm]    
SS-LL (15, 25) Su3 coh - 

subangular
blocky 

1,59 7,4 4,3 6,6 16,5 29,7 29,0 6,5 

SS-LL (35) Su2/Su3 platy  1,73 4,3 2,6 7,6 14,3 31,1 32,8 7,3 
SS-LL (50) Ls3 Subang. 

blocky 

1,68 20,4 8,6 11,9 18,1 22,1 15,1 3,8 

SS-LL (75) Sl3 blocky– 
prism 

1,77 8,1 2,1 6,3 14 29,5 34,5 5,5 

GGn (40) Tu3 coh– blocky 1,46 34,9 17,1 20,5 20,1 5,8 1,4 0,2 
SSn (50) Ts2/Tl coh – 

blocky) 

1,72 64,9 9,1 3,7 2,2 8,7 10,4 1,0 

TTn (40) Ut4 Subang. 
blocky 

1,45 19,24 23,54 44,19 97,93 98,64 99,49 100 

HN (30) Torf  0,81        
HN-GH (40) Lt3 Coh 1,08 39,9 11,5 15,9 6,7 17,8 7,8 0,4 
Key: SS-LL: Stagnic Luvisol, GGn: Gleysol, SSn: Stagnosol, TTn: Tschernosem, HNn: Lowland peat,  
HN-GH: Histic Gleysol. 
 
The used drainage steps were -3, -6, -15, -30 und -50 kPa with ceramic suction plates, 300, 600 und 1500 kPa 
with pressure chambers and 105°C in the oven. After each drainage step, the weight of every sample as well as 
the volume decrease due to shrinkage was measured assuming an isotropic i.e. identical vertical and horizontal 
deformation. The vertical height change was determined by a digital measuring caliper with an accuracy of 0.05 
mm at eight fixed point at the sample surface.  The total height change was then calculated from the arithmetic 
mean of these eight values. The change of sample height multiplied by the actual surface area gives the vertical 
volume change. The saturated hydraulic conductivity was determined under instationary conditions (Hartge 
1966).  The hydraulic conductivity/ matric potential ratio was determined and calculated for undisturbed 
samples via 2 microtensiometers and 2 TDR probes inserted in a vertical distance of 2 cm.  
 

Results  
In order to test the assumption that the 3-d shrinkage can be taken as isotropic, we chose the weakest soil 
samples from the Histic Gleysol with coherent structure (Figure 1). It is obvious that the pattern of the retention 
curves without consideration of the volume loss due to soil shrinkage results in a complete misinterpretation of 
corresponding ecological data for the soil volume like the air capacity (from saturation to pF 1.8) or plant 
available water capacity (from pF 1.8–4.2). If the vertical shrinkage is considered the air capacity values 
decrease while the amount of plant available water increases. If finally the 3-d shrinkage is determined and 
included in the calculations we can find a further decline in the air capacity and even in the plant available water 
capacity values, while the amount of fine pores in the soil sample increases.  
 
The shrinkage curves for all analyzed soil samples are shown in Figure 2. The Stagnic Luvisol SS-LL (15–75) 
had the smallest shrinkage behavior at all depths (not shown) but the 4 shrinkage ranges can still be 
differentiated. Thereby the samples taken from the ploughed layer SS-LL (15, 25) are more sensitive to volume 
changes while with increasing bulk density and/or stronger aggregation the volume reduction decreases. With 
increasing clay content (> 30%) very pronounced shrinkage curve ranges can be detected (Figure 2).  It becomes 
obvious, that the moisture ratio ranges for the structural shrinkage differ with soil aggregation and therefore also 
with the previous drying history derived from the general description of the sites. The Axh horizon from the 
Tschernosem with subangular blocky structure is characterized by a large structural shrinkage range, i.e. it 
shows a very rigid pore system, followed by a small proportional shrinkage and a well defined residual and zero 
shrinkage range, while both the Gleysol samples and especially those of the Stagnosol show a very pronounced 
proportional shrinkage range but only a small structural shrinkage behavior. Both curves show similar residual 
and zero shrinkage patterns.  
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Figure 1. Effect of soil shrinkage on the pattern of the water retention curve of the peat clay (HN-GH). The 

differences in the water contents at given matric potential hPa (i.e. pressure head cm) is obvious and also proves the 

assumption of nearly identical curves for the 3-d shrinkage behavior.  

 

 
 
Figure 2. Shrinkage curves of selected soil horizons of the Gleysol (GGn), Stagnosol (SSn) and the Tschernosem 

(TTn). The number behind the abbreviation defines the soil depths. 

 
The calculated theoretical water content loss due to shrinkage reveals severe differences between the analyzed 
soils. We can find for the soils with higher clay content and/or less pronounced soil aggregation an increased 
“misinterpretation of the retention data as soon as the soil samples dried out more than to -200 hPa.(Fig.3)  The 
Axh horizon of the Tschernosem with a subangular blocky structure showed a strong rigidity with negligible 
small shrinkage induced “water loss”,  while the actual shrinkage induced changes in the available pore space 
approached even 12% at pF 4.2 for samples with smaller aggregate strength (e.g. coh) and increasing organic 
carbon content. The high values for the lowland peat samples with more than 10% at pF 4.2 demonstrated also 
the influence of the low bulk density on shrinkage induced misinterpretation.  If the HNn and the SSn curves are 
compared it becomes obvious that even a very high bulk density does not always coincide with high internal soil 
strength (cf. bulk density 0.81 and 1.72 g/cm³ in Table 1). 
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Figure 4. Calculated water loss due to shrinkage as a function of matric potential. 

 
At a given bulk density of approx. 1.45 g/cm³ is the shrinkage induced volume loss (calculated as water loss) 
more pronounced in the GGn with up to 4% due to a weaker soil structure as compared with the TTn samples. 
 
These nonrigidity effects also alter the pattern of the hydraulic conductivity matric potential curves revealing 
that if curves are derived from alpha, n and m values together with the measured ks value (van 
Genuchten/Mualem approach) a strong discrepancy to measured curves occurs.  
 
Three general effects can be defined for these curves: 

- If soils are mostly rigid (demonstrated e.g. by the SS-LL and TTn samples) we cannot detect any effect 
of shrinkage on the calculated curves as they are identical. The introduction of reduction factors for ks 
only results in a parallel shift of the curves.  

- If shrinkage induced changes in the soil/or pore volume and pore size distribution occur, differences 
between the measured curves with and without actual shrinkage consideration result in a pronounced 
curve pattern variation. Thus, some remarkable differences can be derived. If shrinkage is neglected in 
the measured curves, the pattern is mostly parallel to the calculated ones, while if the actual shrinkage 
process is included when calculating the actual curves, they bend only intensely after exceeding the 
structural shrinkage range. This matric potential can be therefore also considered as a rigidity index.  

- At the transition to the proportional shrinkage range we can also find a corresponding increase in the 
number of grain contact points. 
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Abstract 
A rotational rheometer with a parallel-plate measuring device is used to achieve stress-strain parameters, 
which define soil as viscoelastic material according to rheological theory. Hence, data deriving from 
conducted amplitude sweep tests with controlled shear deformation on Rothamsted Soils (Broadbalk long-
term experiment) will be presented. The application of farm yard manure over more than 120 years led to 
an accumulation of organic carbon, resulting into a more rigid microstructural stability – with respect to 
the three-phase system soil – primarily due to a network of micro roots, and an increased water holding 
capacity and cation exchange capacity.  Water content, texture, organic matter compounds, fungi and 
hyphae, contents and kinds of clay minerals, carbonates, (hydr)oxides, and cations have an effect on the 
microstructural stability (rigidity, stiffness), and shear behaviour. Storage modulus G’ (elasticity) and loss 
modulus G” (viscosity), the linear viscoelastic range (LVE), pre-yielding and yield point (intersection of 
G’ and G”) characterise the three stages of microstructural degradation of soil on the particle-to-particle 
scale. A semi-quantitative classification of rigid-nonrigid or elastic-viscous material is applied considering 
the loss factor tan δ and integral z, delivering fundamental information about microstructural strength of 
investigated soil samples and their ‘internal network’.   
 
Key Words 
Rheology, Rothamsted, micromechanics, stiffness degradation, long-term fertilization 
 
Introduction 
Rheometry is a useful tool to investigate microstructural changes in soil, which is defined as viscoelastic 
material. By conducting oscillatory tests, in detail amplitude sweep tests (AST) with controlled shear 
deformation (CSD), the degree of stiffness or elasticity-viscosity ratio, which is represented by the loss factor 
tan δ, can be calculated. As the loss factor defines elastic and viscous components, this ratio may function as 
link to microstructural processes, depending on texture, clay mineralogy, water content and organic matter. 
 

Material and Methods 
A silty loam from Rothamsted, UK (long term experiment since 1885) (Powlson 1994; Watts et al. 2006), was 
taken and analysed, considering different properties such as texture, clay mineralogy, soil organic carbon (SOC) 
content, and manure application. In Table 1 physicochemical properties are summarised. 
 
Table 1. Physicochemical characteristics of investigated substrates, Rothamsted (Broadbalk). 

  Sand Silt Clay SOC 
 (%)  

FYM*+ N2 2.7 

FYM 
21 58 21 

2.8 

N1PK(Na)Mg 1.0 

N2PK(Na)Mg 1.0 

N4PK(Na)Mg‡ 1.1 

N6PK(Na)Mg† 

19 58 23 

1.2 

Wilderness (grass) 21 57 22 4.0 

Bare fallow§ (Highfield) 7 68 25 1.1 
*FYM farm yard manure (since 1885; N2 added since 1968)       ‡since 1968    
†since 1985 §Bare fallow – plough/autumn (since 1959)      N1, N2, N4, N6 = 48, 96, 192, 284 kg N as ammonium nitrate 
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Amplitude Sweep 

According to the method introduced by Markgraf et al. (2006), amplitude sweep tests were conducted with a 
modular compact rheometer MCR 300 to achieve data of stress-strain correlations on the micro scale (particle-
particle contact). Recent collected data show significant differences of resulting micromechanical  parameters 
i.e. storage and loss moduli G’ and G” (Pa), and loss factor tan δ ( - ) as function of deformation γ (%), which 
are correlated to the water content, and other factors that may affect the matric potential: texture, single particle 
properties, pore size distribution, influence of (cat)ions (osmotic potential), and other physicochemical 
properties. A representative recorded plot of an amplitude sweep test is shown in Figure 1. The plots of storage 
and loss modulus (G’ and G”) are generated automatically during a test (Markgraf and Horn 2009).  
 

 
 
Figure 1. Idealised generated plots of storage modulus G’ (Pa) and loss modulus G” (Pa) vs. deformation γ (%). In 

general, three stages of elasticity loss can be defined, showing a gradual transition of an elastic (G’>G”) to a viscous 

(G’<G”) character. In phase 1 an elastic behaviour predominates, and a parallel run of G’ and G’’ is given. By 

reaching deformation limit γL (%) a yielding character is already given in phase 2 (pre-yielding); an intersection of 
G’ and G” marks an absolute yield point. In phase 3 a microstructural collapse occurs and a viscous character is 

obtained.   

 

 
 
Figure 2. Deriving from one data set, results can be plotted in a loss factor vs. deformation coordinate system. Loss 

factor tan� δ ( - ) equals the ratio of loss modulus to storage modulus (=G’’/G’), and may function as analogue 

expression of elastic (tan δ <1), viscoelastic (tan δ ≤1) or viscous (tan δ >1) behaviour. For further comparison, the 
integral z of tan δ�(γ) lim γ=0.00%1 to lim γ=“cross over point”, with tan δ=1 as defined limit on the y-axis can be 

calculated. 
 
Natural viscoelastic substances react with a temporal delay. This is represented by the phase shift angle δ, where 
tan δ equals the relation of the loss modulus G” (Pa) to the storage modulus G’ (Pa), defining the relation of 
imaginary (“lost”) to stored elasticity. If tan δ<1, G’ prevails G”, a gel character is given. Viscous behaviour is 
defined in case of tan δ>1, G” predominates G’. Furthermore, a correlation between in Figure 1 presented 
stages (Phases I-III) and phases of stiffness degradation in Figure 2 become obvious. Due to a decrease of G’, 

pre-yielding 

integral z 
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the ratio of G’’/G’ (= tan δ) increases; if tan δ=1 is reached, elastic and viscous parts are equivalent, and an 
absolute yield point (=cross-over) is given at a defined deformation (%). If tan δ>1, a viscous character 
predominates, and a structural collapse occurs; at this stage deformation is irreversible. For further comparison, 
the integral z of tan δδ(γ) lim γ=0.00%1 to lim γ=“cross over point”, with tan δ=1 as defined limit on the y-axis 
can be calculated. This method may allow an even more precise definition of elasticity, rigidity, or stiffness of a 
soil at the particle-particle scale.   
 
Results 
Collected rheological data from conducted AST was used to achieve information about the influence of different 
manure applications on microstructural stability, in dependence on soil organic carbon (SOC) as well as 
inorganic nitrogen applications in combination with farmyard manure (FYM). In Figures 3 a and b results from 
conducted AST with samples deriving from the Rothamsted Broadbalk long term experiment are shown. In 
general, curve characteristics are influenced by (i) water content: saturated (Figure 3a); unsaturated (Figure 

3b), (ii) by treatments: NxPK(Na)Mg, farm yard manure (FYM), bare fallow or wilderness (grass), (iii) SOC 
content, and (iv) texture. In comparison, different curve shapes are characteristic: in Figure 3a tan(δ) increases 
slightly within the section of γ=0.01…1%; an intersection with the tan(δ)=1-line does occur in few cases only: 
N2PK(Na)Mg, N4PK(Na)Mg, and bare fallow (unsaturated) variations. Furthermore, a slight increase in 
structural stability can be found as given in Figure 3a: FYM+N2 > FYM >> N6PK(Na)Mg ≥ N4PK(Na)Mg > 
N2PK(Na)Mg ≥ N1PK(Na)Mg; samples which have been treated with farm yard manure since 1885 show a 
higher degree of stiffness compared to those which have been treated with NxPK(Na)Mg within the last 40 years 
(e.g. N4PK(Na)Mg).  
 
Secondly, differences in soil organic carbon content may have an effect on the microstructural stability as 
organic matter leads to a higher water retention, which results into a more stable system. This instant is well 
defined in Figure 3b. Pre-drained samples of wilderness (grass) show a higher microstructural stability than 
bare fallow, and N2PK(Na)Mg. If, in addition, FYM (pre-drained) plots in Figure 3a are considered, the 
influence of SOC becomes even more obvious: wilderness plots have the highest SOC contents (4.0%), 
followed by FYM (2.7%), bare fallow, and N2PK(Na)Mg (Table 1). Although bare fallow and N2PK(Na)Mg 
have similar SOC contents (1.1%), textural differences affect shear behaviour, and, deriving from this, stiffness 
degradation: a more silty texture in case of bare fallow (68% silt) occurs to be less rigid than a loamy clay 
(N2PK(Na)Mg, 56% silt). By calculating integral z, these structural differences can be expressed in absolute 
numbers; according to Figure 3a, this results into:  
 
z NxPK(Na)Mg saturated < z FYM; FYM+N2 -150hPa ,  

in case of Figure 3b into:  
z bare fallow -60hPa < z N2PK(Na)Mg -60hPa < z wilderness -60 hPa . 
 

Conclusions 
Investigated Rothamsted samples, which have been treated with farmyard manure since 1885, showed a high 
degree in microstructural stability, as well as wilderness plots. This is congruent to findings of Tisdall and 
Oades (1982), Haynes and Naidu (1998), and Watts et al. (2006). Furthermore, Haynes and Naidu (1998) 
pointed out, that ‘there is a strong correlation between the amount of fertilizer N applied annually and the 
quantity of organic C accumulated in the soil’. This instant is also true, if NxPK(Na)Mg-treated plots are 
considered, higher N-contents are correlated to a slight increase in C; due to this, microstructural stability is 
increased stepwise from N1, N2, to N4, and N6PK(Na)Mg treatments. In general, soil organic carbon improves 
soil structure and its functionality (Lemmermann and Behrens 1935, Haynes and Naidu 1998). Occurring 
menisci forces, which are formed due to drainage, maintain pore continuity, and as mentioned above, soil 
structure. It can be concluded, that rheological techniques and resulting parameters such as G’, G”, tan (δ) and z 
are a useful tool not only to describe and quantify microstructural stability, but also to link structuring processes, 
which are relevant for up-scaling considerations e.g. improving soil aggregation. 



© 2010 19th World Congress of Soil Science, Soil Solutions for a Changing World 
1 – 6 August 2010, Brisbane, Australia.  Published on DVD. 

68 

 

     
 
Figure 3a. Resulting graphs with tan δ (γ) of conducted amplitude sweep tests (AST) with Rothamsted Broadbalk 

samples: NxPK(Na)Mg (saturated), and farm yard manure (FYM; pre-drained) treatments. 

 

Figure 3b. Resulting graphs with tan δ (γ) of conducted amplitude sweep tests (AST) with Rothamsted Broadbalk 

samples under unsaturated conditions (pre-drained at -60hPa): bare fallow, N2PK(Na)Mg, and wilderness (grass). 
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Abstract 
Water and contaminants moving through the vadose zone are often subject to a large number of simultaneous 
physical and chemical nonequilibrium processes. Modification the transport of one component is difficult, time 
consuming and expensive, therefore its important to simulate this movement. In the present article our purpose 
was study Br movement and its simulations by HYDRUS-ID model for soil columns. For this, we used 2 soil 
textures (Sandy loam and Loamy sand), 3 Br doses (10, 20 and 30 mg/kg soil) were added to columns then we 
made saturated columns by a leaching process. After that we measured Br concentration in output leachates and 
after leaching for different depths in columns, then compared observations with data estimated by the model. 
Results show that the model could efficiently predict the time of reaching maximum concentration and the 
extent of maximum concentration. 
 
Key Words 
Nonequilibrium, Br, simulation, leachate 
 
Introduction 
Amount of leaching is related to the velocity of water movement in soil and the conservation potential of solutes 
by soil. The most important things that affect solute movement include: texture, structure and capillary 
conductivity that are influenced by management and tillage (Agus et al. 1992). Usual anions in soil also have a 
particular importance and this is because of their importance for salinity, productivity and groundwater 
pollution. Most anions are inactive and do not adsorb at adsorption sites, and that is why they are important to 
study because they can be leached easily from profiles and add to groundwaters. Many researches use Br as a 
tracer and this is because of its low concentration in most soils, it is a conservative tracer that is not subject to 
microbial transformation and gaseous losses. By defining types of tracer movement in soil, modeling it, and 
obtaining some coefficients and changes we can predict movements of other solutes and use such models in 
other situations (Bowmas 1984).  
 
Methods  
Soil columns were constructed from sandy loam and loamy sand soils with 10.17 cm diameter and 25 cm 
height. Bulk density was similar to the field situation. At the end of columns closed 5 cm sand washed with acid 
was placed to inhibit soil loss, and end parts of columns closed using aluminum net, experiments were done in 
18 columns with 3 replications. Three different doses of Br (10, 20 and 30 mg Br/kg dry soil) were dissolved in 
250 ml distilled water, after applied solute pulse treatments to columns, leaching them in saturated situation 
with 5 cm constant head. With the end of leaching, we sectioned columns and took samples at every 2 cm for 0-
12 centimeters depth, at every 4 cm for 12-20 centimeters depth and every 5cm for 20-25 centimeters depth so 
that there was one sample for this depth. Then Br concentration was measured with a Br selective electrode. 
Bulk densities were determined by a core method (Klute 1986), saturated hydraulic conductivity determination 
was made by constant head method (Klute 1986), texture with pipette method (Klute 1986). Electric 
conductivity of soil extracts and cation exchange capacity was determined by an ammonium acetate method. 
 
Results 
After measurement of Br concentration, all necessary data for modeling were collected from columns and were 
compared with leachate concentrations predicted by the model. As we can see in Figure 1, most of output 
leachate concentration of Loamy sand soils was within 100 to 120 minutes after starting leaching whereas this 
time for Sandy loam texture was 150 minutes after starting leaching. Due to the finer texture of loamy sand 
compared with sandy loam, water and solute movement were slower and the time of reaching maximum output 
leachate concentration was longer. In the case of prediction of leachate concentration, model could efficiently 
determine time of reaching maximum concentration and measure the extent of maximum concentration for the 
two studied textures. End of leaching is after the exit of four pore volume of leachate from columns and because 
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pore volume of loamy sand texture is less than of Sandy loam textures the speed of water movement in pores is 
more than in sandy loam. Thus loamy sand reach the end of leaching sooner, as is clear in the diagram. 
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Figure 1. Simulation of output leachate concentration for the third level of Br treatment on sandy loam and loamy 

sand textures. 
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Abstract 
In order to investigate the effect of soil physical properties, runoff and infiltration water on soil erosion, soil 
samples were collected from 5 sites of dark brown soil(DBS), 6 sites of very dark brown volcanic ash 
soil(VDBAS), and 8 sites of black volcanic ash soil(BVAS) in Jeju. The relations between soil erosion and 
some physical characteristics of the soil were tested. The relationship between soil erosion and runoff was 
positively correlated, but infiltration water and saturated hydraulic conductivity were negatively correlated with 
soil erosion in all soils. In DBS, the soil erosion was negatively correlated with clay, clay/silt, clay+very fine 
sand, clay/(silt+very fine sand) and clay+fine sand(0.02-0.2 mm), but positively correlated with silt/clay. In 
BVAS, the soil erosion was negatively correlated with silt/clay and positively correlated with clay+fine sand 
(0.02-0.2 mm). The relationship between soil erosion and water stable aggregate was observed only in the DBS 
and VDBAS. Soil erosion in DBS was positively correlated with water stable aggregate (0.25-0.5 mm, 0.1-0.25 
mm＋0.25-0.5 mm, 0.1-0.25 mm＋0.25-0.5 mm＋0.5-1.0 mm), but the water stable aggregates (0.5-1.0 
mm＋1.0-2.0 mm＋>2.0 mm and 1.0-2.0 mm＋>2.0 mm) were prone to decrease soil erosion without statistical 
significancy. Soil erosion in VDBAS was positively correlated with water stable aggregate (0.1-0.25 mm, 0.25-
0.5 mm and 0.1-0.25 mm＋0.25-0.5 mm), but negatively correlated with water stable aggregate (0.5-1.0 
mm＋1.0-2.0 mm＋>2.0 mm and 1.0-2.0 mm＋>2.0 mm). In DBS and VDBAS, soil erosion decreased with 
increasing of soil organic matter content, but in BVAS, there was no relationship between soil erosion and 
organic matter content. 
 
Key Words 
Soil erosion, volcanic ash soil, rainfall simulator, soil physical properties 
 
Introduction 
Soil of the Jeju in Korea is affected by severe soil erosion. Most areas are under conventional tillage, by which 
the upper soil layer is turned after harvest before sowing, this results in an uncovered soil surface during July, 
August and September. These months are characterized by the highest rainfall amounts. Soil erosion caused by 
water is primarily due to particle detachment and transport by rainfall and runoff. The physical soil properties 
and interactions that affect K values are many and varied. The objective of this study was to relate erodibility 
factors and physical properties of volcanic ash soil from the Jeju Island in Korea under simulated rainfall. Another 
goal was to determine the erodibility factors for volcanic ash soil from Jeju Island.  

 
Methods 
Soil samples were collected at field moisture condition. After air-drying, the soil was passed through a 2mm 
sieve and then packed in soil pan (width : 26×30cm, depth : 10cm). The soil then was saturation with distilled 
water. After saturation, the pan was set at 10% slope and allowed to drain for about 24 hour. Rain was applied 
for 30 minute at 150mm/h using a simulated rainfall (Diameter of drops 5.9mm, Mass of drops 0.1g, Number of 
capillary tubes 49) at a height of 0.4m. Infiltrating water was collected from the bottom, while runoff plus 
sediments were sampled at the upper of the pan using a tall beaker. The organic matter of soil was estimated 
using 0.4N K2Cr2O7 as oxidant and 0.2N Fe(NH4)2(SO4)2as titrant. Particle size analysis was determined on the 
< 2 mm fraction by the pipette method. Water stable aggregate analysis was determined on the 2-4mm fraction 
by a Yoder-type aggregate distribution analyzer. 
Soil properties used in the study are summarized in Table 1 and 2. Table 1 shows the particle size for the 
different soils. The average contents of sand, silt and clay were 13.6%, 67.1% and 19.4% in DBS, 12.3%, 66.8% 
and 20.9% in DBVAS, and 10.2%, 71.0% and 18.8% in BVAS, respectively. 
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Table 1. Particle size of soils used in the experiment. 

  U. S. Department of Agriculture  International Soc. of Soil Sci. 
Soil  Sand Silt Clay  Coarse sand Fine sand Silt Clay 

colors Soil series (------------------------------------------------------------------%-----------------------------------------------------------------) 
  2.0-1.0 1.0-0.5 0.5-0.25 0.25-0.1 0.1-0.05 Total 0.05-0.002 <0.002  (2.0-0.2) (0.2-0.02) (0.02-0.002) <0.002 
  (-----------------------------------------------------------------mm----------------------------------------------------------------) 

Dark Gyorye 3.9 6.0 6.4 6.4 3.4 26 52.0 22.1  17.2 30.9 29.9 22.1 
brown soil Gueom 0.4 0.9 1.6 2.6 1.4 6.9 78.9 14.3  3.4 17.7 64.6 14.3 
 Donggwi 1.8 4.0 4.1 4.9 2.4 17.3 70.6 12.2  10.8 18.6 58.4 12.2 
 Donghong 0.5 1.4 1.9 2.7 3.0 9.4 55.0 35.6  4.1 40.9 19.4 35.6 
 Jocheon 0.2 1.1 2.0 3.8 1.2 8.3 79.2 12.6  3.9 16.9 66.6 12.6 
  Mean 1.4 2.7 3.2 4.1 2.3 13.6 67.1 19.4  7.9 25.0 47.8 19.4 
Very Gujwa 0.5 1.8 2.9 4.0 2.8 12.0 62.6 25.4  5.8 31.6 37.2 25.4 
dark Ora 0.4 1.2 2.2 3.2 1.9 8.8 73.1 18.0  4.4 22.5 55.1 18.0 
brown Jeju 0.6 1.8 2.5 3.2 2.0 9.9 73.6 16.5  5.3 21.1 57.0 16.5 
volcanic Jungmun 0.2 1.0 1.8 3.3 4.5 10.8 68.8 20.4  3.5 27.7 48.5 20.4 
ash soil Jungeom 0.1 0.3 0.4 0.7 1.4 2.9 72.4 24.7  1.0 26.7 47.6 24.7 
 Hallim 2.4 4.9 7.7 11 3.2 29.2 50.3 20.5  16.4 33.3 29.8 20.5 
  Mean 0.7 1.8 2.9 4.2 2.6 12.3 66.8 20.9  6.1 27.1 45.9 20.9 
Black Gimnyeong 3.5 3.8 2.5 2.6 3.0 15.4 61.2 23.4  10.2 28.7 37.7 23.4 
volcanic Namwon 0.4 0.6 0.9 1.5 2.2 5.5 74.9 19.6  2.0 23.1 55.3 19.6 
ash soil Songdang 1.0 2.2 2.9 5.8 3.3 15.3 64.7 20.1  6.8 28.5 44.6 20.1 
 Sineom 0.2 0.4 0.4 0.6 1.7 3.4 76.6 20.0  1.1 22.3 56.6 20.0 
 Wimi 0.2 0.5 0.5 2.0 2.6 5.8 78.6 15.6  1.4 20.0 63.0 15.6 
 Pyeongdae 0.3 1.0 1.1 1.0 3.2 6.7 76.7 16.6  2.6 20.7 60.1 16.6 
 Hangyeong 0.2 0.7 1.1 2 2.2 6.2 73.3 20.6  2.3 24.5 52.8 20.6 
 Haengwon 4.1 4.9 4.8 6.5 3.2 23.5 62.2 14.3  14.6 23.2 47.9 14.3 
  Mean 1.2 1.8 1.8 2.8 2.7 10.2 71.0 18.8  5.1 23.9 52.3 18.8 

 

Organic matter content and saturated hydraulic conductivity were remarkably high in BVAS, and very low in 
DBS. DBS had higher bulk densities, VDBVS medium ones, and BVAS lower ones. The average abundance of 
water stable aggregates was 68.6% in DBS, 81.8% in VDBVS, and 81.4% in BVAS, respectively(Table 2). 
 
Table 2. Physical characteristics of soil used in the experiment. 

Water stable aggregate (%) Soil 
colors 

Soil series 
0.1-0.25 mm 0.25- 0.5 mm 0.5 -1.0 mm 1.0 -2.0 mm >2.0 

mm 
Total 

Organic matter 
(g/kg) 

Bulk 
density 
(g/cm3) 

Saturated 
hydraulic 

conductivity 
(cm /h) 

Gyorye 8.8 9.9 12.0 16.3 6.8 53.9 23.3 1.20 0.85 
Gueom 14.7 21.7 20.9 19.5 3.1 79.9 21.9 1.45 0.08 
Donggwi 17.3 23.1 14.6 7.7 2.1 64.9 21.6 1.41 0.20 

Donghong 4.4 9.7 19.2 29.3 28.3 90.9 51.3 1.12 1.06 
Jocheon 23.4 16.6 6.1 6.7 0.5 53.3 20.8 1.50 0.11 

Dark brown soil 

Mean 13.7 16.2 14.6 15.9 8.2 68.6 27.8 1.34 0.46 

Gujwa 0.3 0.3 0.4 4.9 70.7 76.5 200.0 0.70 2.30 
Ora 3.6 8.2 15.3 27.1 28.8 83.0 44.3 1.12 0.37 
Jeju 4.5 9.6 16.7 29.9 28.2 88.9 61.3 1.09 0.46 
Jungmun 8.3 10.2 10.3 14.3 23.0 66.1 72.5 0.92 0.15 
Jungeom 1.5 2.9 6.6 23.9 53.6 88.5 59.9 1.09 0.85 
Hallim 1.2 2.4 3.8 13.6 66.8 87.8 90.8 0.76 0.56 

Very dark 
brown volcanic 
ash soil 

Mean 3.2 5.6 8.9 19.0 45.2 81.8 88.1 0.95 0.78 
Gimnyeong 0.4 0.8 1.0 12.9 68.0 83.2 221.0 0.65 1.13 
Namwon 3.1 7.0 14.9 31.3 37.5 93.9 152.0 0.71 0.11 
Songdang 1.5 2.3 4.3 17.7 68.1 93.9 193.0 0.68 0.85 
Sineom 4.8 9.5 13.4 18.4 33.5 79.6 147.0 0.63 1.17 
Wimi 3.8 7.2 13.2 27.7 40.6 92.5 180.0 0.68 1.53 
Pyeongdae 0.1 0.1 0.2 5.8 57.0 63.3 135.0 0.59 2.27 
Hangyeong 1.9 2.9 5.3 20.5 59.8 90.4 182.0 0.56 0.22 
Haengwon 0.6 0.5 0.7 8.4 43.9 54.2 172.0 0.72 0.96 

Black volcanic 
ash soil 

Mean 2.0 3.8 6.6 17.8 51.1 81.4 172.8 0.65 1.03 

 
Results 
Figure 1 shows the relationship of soil erosion with runoff and infiltration water. The relationship between soil 
erosion and runoff was positively correlated, but infiltration water was negatively correlated with soil erosion. 
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Figure 1. Relationship between soil erosion, runoff and infiltration in dark brown soil (●), very dark brown volcanic 

ash soil(■) and black volcanic ash soil (▲). 

 
Table 3 shows the relationship between soil erosion and soil particle size. In DBS, the soil erosion was 
negatively correlated with clay, clay/silt, clay＋very fine sand, clay/(silt＋very fine sand) and clay＋fine 
sand(0.02-0.2 mm), but positively correlated with silt/clay. In VDBAS, the relationship between the soil particle 
size and soil erosion was not significant, while in BVAS, the soil erosion was negatively correlated with 
silt/clay and positively correlated with clay＋fine sand (0.02-0.2 mm). 
 
Table 3. Relationship between soil erosion and particle size. 

Correlation coefficient 
Particle size Dark brown soil 

(n=5) 
Very dark brown 

volcanic ash soil (n=6) 
Black volcanic ash soil 

(n=8) 
Clay(<0.002 mm) -0.901* -0.599 0.642 
Silt(0.002-0.05 mm) 0.801 0.202 -0.378 
Very fine sand(0.05-0.1 mm) -0.637 0.633 -0.063 
Clay/Silt -0.921* -0.526 0.635 
Clay+Very fine sand -0.901* -0.379 0.649 
Clay/(Silt+Very fine sand) -0.920* -0.579 0.643 
Silt/Clay 0.890* 0.460 -0.727* 
Silt£+Very fine sand+Fine sand 0.848 0.452 -0.435 
Clay+Fine sand(0.02-0.2 mm) -0.913* -0.462 0.723* 
*Significant at P<0.05. 
 
Table 4 shows the relationship between soil erosion and water stable aggregate. Soil erosion in DBS was 
positively correlated with water stable aggregate (0.25-0.5 mm, 0.1-0.25 mm＋0.25-0.5 mm, 0.1-0.25 
mm＋0.25-0.5 mm＋0.5-1.0 mm), but the water stable aggregates (0.5-1.0 mm＋1.0-2.0 mm＋>2.0 mm and 
1.0-2.0 mm＋>2.0 mm) were prone to decrease soil erosion without statistical significancy. Soil erosion in 
VDBAS was positively correlated with water stable aggregate (0.1-0.25 mm, 0.25-0.5 mm and 0.1-0.25 
mm＋0.25-0.5 mm), but negatively correlated with water stable aggregate (0.5-1.0 mm＋1.0-2.0 mm＋>2.0 
mm and 1.0-2.0 mm＋>2.0 mm). However, in BVAS soil erosion was not correlated with water stable 
aggregate. 
 
Table 4. Relationship between soil erosion and water stable aggregate. 

Correlation coefficient 

Water stable aggregate Dark brown soil 
(n=5) 

Very dark brown 
Volcanic ash soil 

(n=6) 

Black volcanic ash soil 
(n=8) 

0.1-0.25 mm 0.719 0.954** 0.084 
0.25-0.5 mm 0.976** 0.849* 0.063 
(0.1-0.25 mm)+(0.25-0.5 mm) 0.917* 0.914* 0.071 
(0.1-0.25 mm)+(0.25-0.5 mm)+(0.5-1.0 mm) 0.949* 0.782 0.005 
(0.5-1.0 mm)+(1.0-2.0 mm)+( >2.0 mm) -0.631 -0.843* 0.666 
(1.0-2.0 mm)+( >2.0 mm) -0.762 -0.893* 0.650 
(0.1-0.25 mm)+(0.25-0.5 mm)+(0.5-1.0mm)  
+ (1.0-2.0 mm)+( >2.0 mm) 

-0.227 -0.550 0.560 

**Significant at P<0.01, *Significant at P<0.05. 
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Table 5 shows the relationship between soil erosion and bulk density, soil organic matter and saturated 
hydraulic conductivity. The bulk density did not significantly affect soil erosion, but the relationship between 
soil erosion and bulk density in DBS was considerably higher in comparison to VDBAS and BVAS. In DBS 
and VDBAS, soil erosion decreased with increasing soil organic matter content, but in BVAS, there was no 
relationship between soil erosion and organic matter content. Soil erosion was negatively correlated with 
saturated hydraulic conductivity for all soils. 
 
Table 5. Relationship between soil erosion and physical characteristics. 

Correlation coefficient 

Physical characteristics Dark brown soil 
(n=5) 

Very dark brown 
volcanic ash soil 

(n=6) 

Black volcanic 
ash soil 
(n=8) 

Bulk density 0.860 0.253 -0.374 
Organic matter -0.762 -0.664 0.390 
Saturated hydraulic conductivity -0.919* -0.787 -0.841** 
**Significant at P<0.01, *Significant at P<0.05. 
 
Conclusion 
The soil erodibility factor (K) represents the effect of soil properties and soil profile characteristics on soil loss. 
The physical, chemical, and mineralogical soil properties and their interactions that affect K values are many 
and varied. Therefore, this study emphasizes some factors affecting soil erodibility of the Jeju soil in Korea. For 
Dark brown soil and Very dark brown soil, soil erodibility factor(K-factor) were runoff water, infiltration water, 
soil particle size, water stable aggregate, soil organic matter and saturated hydraulic conductivity, and for Black 
volcanic ash soil were runoff water, infiltration water, soil particle size and saturated hydraulic conductivity. 
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Abstract 
The repulsive potential of soil affects its pore structure and consequently water permeability. This is evident in 
Allophanic Andisols, which have a significant pH-dependent charge. Therefore, at low and high pH, soil 
dispersion and swelling occur easily due to electric repulsive force. The permeability of the soil then decreases 
because of structural changes that occur when dilute monovalent acid or alkaline solution is percolated in the 
soil. However, soil permeability does not decrease, rather increases, when dilute H2SO4 is percolated in the soil. 
This is because SO4

2- strongly adsorbs on the soil surface at low pH and the soil remains flocculated. The 
difference of permeability is explained by the calculated repulsive potential energy based on zeta potential. 
Permeability of a high humic soil with only negative charge decreases when an anionic surfactant solution is 
percolated. The surfactant is adsorbed in the soil by hydrophobic interaction. The repulsive potential energy 
increases and the permeability decreases due to the increase of negative charge. 
 
Key Words 
Electric charge, permeability, repulsive potential energy, soil structure, soil dispersion 
 
Introduction 
Charge characteristics of soils strongly influence pore structure and permeability. Although permeability is 
supposed to decrease in response to an increase in electric repulsive force among soil particles, the relationship 
between permeability and repulsive potential energy has not been evaluated (Ishiguro et al., 2003). A numerical 
solution of the equation for swelling pressure in mixed systems with nonsymmetrical electrolytes was proposed 
(Bresler, 1970). However, research into repulsive potential energy in multivalent counterion systems has been 
rare (Ishiguro et al., 2003). In this research, soil structure and permeability changes of the allophanic Andisol, 
which is characterized by a number of variable charges, were investigated. Especially, the repulsive potential 
energies were evaluated in an NO3–SO4 systems in relation to permeability. The permeability change of high 
humic Andisol whose negative charge was increased by adding anionic surfactant was also investigated. 
 
Materials and Methods 
Soils 

An allophanic Andisol (Hapludand) was obtained from a field at the National Institute of Agro-Environmental 
Sciences in Tsukuba, Japan, from a depth of approximately 90 cm (4Bw1 horizon). The predominant clay 
minerals were allophane and imogolite. The sand content was 130 g/kg, silt content was 375 g/kg, and clay 
content was 495 g/kg. The organic C content was 11.6 g/kg. The <2-mm sieved field moist soil was used in all 
experiments. As pH decreased, the cation exchange capacity (CEC), the negative charge of the soil, decreased, 
and the anion exchange capacity (AEC), the positive charge of the soil, increased. Both the CEC and the AEC 
increased with an increase in ion strength. A non-allophanic high humic Andisol at a pasture in Daisen 
Mountain in Tottori prefecture, Japan, from the A horizon was also used. The total carbon content was 138 g/kg, 
the sand content was 436 g/kg, the silt content was 318 g/kg, and the clay content was 246 g/kg. The CEC was 
12.3 mmolc/kg in 1 mmol/L potassium solution, and the AEC was 0 mmolc/kg at pH 6. 
 
Hydraulic conductivity study under different pH conditions 

Saturated hydraulic conductivity (K) for the allophanic Andisol was determined at a constant hydraulic gradient 
of 3 m/m using a column 3-cm long and 3-cm ID. The initial soil solution pH was under natural condition at 
about pH 6. The electrolyte concentration of the influent solutions (Na-H-Cl-OH system) was 1 mmolc/L under 
different pH conditions (pH 3 to 11). 
 
Hydraulic conductivity study at pH 3 and 4 

Values of K for the allophanic Andisol were determined at a constant hydraulic gradient of 5 m/m using a 
column 3-cm long and 3.2-cm ID. The initial soil solution pH was under natural condition at about pH 6. The 
influent solutions were mixtures of HNO3 and H2SO4 at pH 3 and pH 4 with different mixed proportions.  
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Hydraulic conductivity study during the percolation of anionic surfactant solutions 

Values of K for the non-allophanic high humic Andisol were determined at a constant hydraulic gradient of 3 
m/m using a column 13-cm long and 5-cm ID during the percolation of anionic surfactant (sodium dodecyl 
sulfate, SDS) solutions.  
 
Results and Discussion 
Hydraulic conductivity study under different pH conditions 

The results of the hydraulic conductivity study with different pH solution percolation are shown in Figure 1(a). 
The values of K decreased drastically when HCl at pH 3 was percolated as shown in Figure 1(a). K also 
decreased when NaOH at pH 11 was percolated (Nakagawa and Ishiguro, 1994). Photo 1(a) shows the surface 
structure of the soil before HCl percolation when soil aggregates were observed. Photo1 (b) shows the surface 
structure with collapsed aggregates after HCl at pH 3 percolation. The collapse of the structure was caused by 
swelling of the soil aggregates and the clogging of larger pores resulted from soil dispersion. This structural 
change in the upper layer caused a decrease in permeability (Ishiguro, 2005). The influence of the solution pH 
on soil dispersion is shown in Figure 1(b) in which the vertical line indicates the dispersion ratio of the 
absorbance of the soil suspension after 12 hours of settling to that just after shaking. The soil was well dispersed 
in solutions with lower pH levels due to the predominant positive charge and in those with higher pH levels due 
to the predominant negative charge (Nakagawa and Ishiguro, 1994). This phenomenon corresponds to the 
decrease in the saturated hydraulic conductivity. 

 
Figure 1.  (a) Influence of influent pH on saturated hydraulic conductivity with Na-H-Cl-OH system. The pH values 
in the figure denote those for influent solutions. (b) Influence of pH on soil dispersion with the same system 

(Nakagawa and Ishiguro, 1994). 

 

 
Photo 1.  Surface soil structure (a) before and (b) after the percolation of a HCl solution. (Ishiguro, 2005). 

 
Hydraulic conductivity study at pH 3 and 4 

Values of K were found to decrease when dilute HNO3 was percolated in the soil as shown in Figure 2. 
However, this decrease was restricted as the proportion of SO4

2- to total anions in the solution increased. We 
also performed a dispersion study under the same solution conditions as those in the soil column for the 
hydraulic conductivity study. The soil was well dispersed at higher proportions of NO3

- to the total anions in the 
solution, and well flocculated at higher proportions of SO4

2-, corresponding to the change in K values (Ishiguro 
and Nakajima, 2000; Ishiguro et al., 2003). The electric repulsive potential energies, Vς, between soil clay 
particles in mixtures of HNO3 and H2SO4 at pH 3 and 4 were calculated with the following equation using the 
Gouy-Chapman theory (Ishiguro et al., 2003) and electrophoretic mobility data as shown in Figure 3.  

 
Π=RTΣ(Ci-C0,i) 
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where Π is the osmotic pressure difference between the midpoint of two soil clay particles and the bulk solution, 
D is the distance from the plane of the zeta potential to the midpoint, b is the distance from the zeta potential 
plane to the boundary of the bulk solution, R is the gas constant, T is the absolute temperature, Ci is the 
concentration of ion i at the midpoint, and C0,i is the concentration of ion i in the bulk solution. The horizontal 
axis in Figure 3 indicates the concentrations of NO3

- and SO4
2- (mmolc/L) in the acid solution at pH 3 and 4. The 

repulsive potential energy increased with an increase in NO3
- proportion, and the increase near 100% NO3

- 
proportion was particularly steep. Repulsive potential energy caused dispersion and swelling of the soil at 
higher NO3

- proportions under low pH conditions, and permeability decreased as a result of this dispersion and 
swelling. On the other hand, the repulsive potential energy decreased and the soil flocculated more with an 
increase in SO4

2- proportion, because SO4
2- forms complexes on the clay surface at low pH (Ishiguro et al., 

2006). 

 
Figure 2.  Relative hydraulic conductivity change during the leaching of dilute acid at (a) pH 3 and 1 mmolc/L and  

(b) pH 4 and 0.1 mmolc/L. The percentages denote the ratio of NO3
- to NO3

-+ SO4
2- concentrations in the leaching 

acids (Ishiguro et al., 2003). 
 

 
Figure 3.  Calculated repulsive potential energies in dilute acids (Ishiguro et al., 2003). 

 
Hydraulic conductivity study during the percolation of anionic surfactant solutions 

Values of K decreased with the increase of SDS percolation amount and the decrease of SDS concentration in 
the discharged solution except for that of 10 mmol/L SDS solution as shown in Figure 4 (Ishiguro et al., 2008). 
The surface negative charge of the soil increased during the SDS percolation due to SDS adsorption. Then, the 
repulsive potential energy between soil particles increased and the soil swelled and dispersed. This caused the 
decrease of K. The K of the 10 mmol/L solution, which was higher than cmc, did not decrease well, because of 
highest electrolyte concentration.  
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Figure 4.  Anionic surfactant (SDS) breakthrough curves and hydraulic conductivities. Pore Volume is the effluent 

volume divided by water volume in the soil column (Ishiguro et al., 2008). 
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Abstract  
We report soil water desorption modifications during air drying in a soil amended with six different sewage sludges 
(composted or thermally dried). The time required to change water retention from wilting point (-1.5MPa) to 
dryness (ψ = -25 MPa) was increased by composted sludges but not by thermally dried sludges, although both 
sludges were able to increase soil water retention under drying. Changes in the water desorption rates are 
hypothesised to be due to low wettability of the soil treated with composted sludges. 
 
Introduction 
Soil drying after wetting is a process that occurs continuously in the field, due to evaporation or infiltration. The soil 
water content (θ) and its corresponding energy state or suction (ψ) differs under wetting or drying processes. This 
arises from differences in the processes of filling or emptying soil pores (Braddock et al. 2001). However, while soil 
wetting can occur within minutes in some cases, soil drying requires hours (Ojeda et al. 2009a). This gives 
importance to the soil drying process in terms of water plant uptake or water availability to microbial activity. In soil 
reclamation processes, sewage sludge is currently used as organic amendment in order to improve many soil 
properties such as fertility, soil water retention and aggregate stability. Water is retained in soil by capillary forces at 
high saturations (low suction regime) (Nitao and Bear 1996) and by forces of molecular attraction at low saturations 
(high suction regime) (Pozdnyakov et al. 2006). However, due to the potential hydrophobicity of organic matter 
(Bachmann et al. 2008), the temporal dependency of soil water retention can be modified by sludge amendments. 
The main objective of this study is to assess the effects of two kinds of sewage sludge (composted or thermally 
dried) on the time involved in the drying process of a soil obtained from quarrying activities. We apply a segmented 
model to quantify temporal changes in soil water content. The relationship between water holding time and soil 
organic carbon was analyzed. 
 
Proposed model 
The critical gravimetric water content (wc) was obtained using the relationship between gravimetric water content 
(w) and time (t), in both low and high suction regimes (Ojeda et al. 2009a): 

11 btaw +−=       te ≤ t ≤ tc      (1)            22 btaw +−=      tc ≤ t ≤ t∞     (2) 
where a1 and a2 are constants, te is the time when air entry suction occurred and tc is the time when low suction 
regime changes to high suction regime. The negative sign of a1 corresponds to water losses during drying process. 
The interception of both straight lines (Eqs. 1 and 2), corresponding to the transition point where low suction regime 
changes to high suction regime, is determined by a change of slope (Figure 1a). The tc and wc values were calculated 
and the ψc value was determined from the water retention curve (WRC) using the wc value (Figure 1b). The 
composite fractal model of Ojeda et al. (2006) was used to fit WRC, as this model covers both the low and high 
suctions regimes, where A1 and A2 (Figure 1b) are constants, while D1 and D2 are pore-solid and surface fractal 
dimensions, respectively.  
 
Materials and methods 
The soil samples were obtained from a limestone quarry (Begues municipality, Barcelona, Spain) that produces a 
soil resulting from excavation processes. It has characteristics of a red Mediterranean soil (Spolic Technosol 

calcaric), with a loamy texture, being low in organic matter (organic C = 0.47 %), but rich in lime (CaCO3 = 39.3 
%) and coarse fragments (62.0 %). The soil was amended with six types of treated sludge produced in various 
municipal waste-water treatment plants from medium-sized towns of Catalonia (NE Spain). All sludges were 
digested and partially dewatered (20% dry matter) before being subjected to either a composting or a thermal drying 
process (Table 1). Dewatered sludge from Manresa was composted with crushed pinewood bark, while dewatered 
sludge from Blanes and Vilaseca was composted with pinewood splinters. All sludges were applied to soil as 
granules, except the thermally dried sludge from Sabadell which was added as a pellet (1 cm in diameter). A 
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nominal dose of about 35 Mg ha-1 (dry weight) of each sludge was mixed with the soil and distributed in 28 
lysimeters of 150 L with a surface area of 0.3 m2. There were 4 replicates per treatment. The experiment was 
maintained in the quarry for 13 months. Samples were taken after one month (T1) and twelve months (T2) after the 
start of the experiment. Soil samples (0 – 20 cm depth) of each lysimeter were air-dried at room temperature, passed 
through a 2 mm sieve, and stored at 4ºC in the dark before analysis. Table 2 gives information about treatments and 
the main physicochemical properties of the amended soils at T1. 
 
The main drying branches of the water retention curve were measured in the laboratory at 25ºC, using a WP4 Dew 
Point PotentiaMeter (Decagon Devices, Inc. Pullman, WA). Samples of approximately 1.2 g of air-dry soil (< 2 
mm) from each plot were placed in sample cups (40 mm dia.×10 mm) resulting in a monolayer of aggregates that 
completely covered the bottom of the sample cups. Both the sample and sample cup were previously weighed and 
saturated by capillarity for 10 minutes using one band of filter paper in contact with a free water table 
approximately 10 mm above the soil surface. After this, excess water was removed. A balance and the WP4 Dew 
Point PotentiaMeter were then used to record w and ψ periodically over time, as the sample dried by evaporation. 
Approximately 8-12 paired measurements of w and ψ were obtained. The time required for the soil drying 
processes was measured using a chronometer and the relationships between gravimetric water content and time 
were analyzed. The drying time that elapsed between suction at -1.5 MPa (wilting point: ψ-1.5) and suction at 25 
MPa (dryness: ψ-25), called ∆ttotal and its corresponding gravimetric water content (∆wtotal) were considered as 
parameters. Total organic carbon was determined by the wet oxidation method. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 1. Determination of: (a) critical gravimetric water content (wc) and the corresponding vapour wetting time (tc), as 

the critical point that separates high and low suction regimes in the interception of w1 and w2 straight lines, (b) 
determination of the corresponding critical suction (ψc) from the soil water retention curve. Modified from Ojeda et al. 

2009a. 

 

Table 1. Treatments, composition and identification code of the sewage sludge types used as organic amendment (Ojeda 

et al. 2009a ).   

Origin† 
(WWTP) 

Type of 
digestion 

Code* Organic 
matter (%) 

Stability 
degree‡ (%) 

N 
(%) 

P 

(%) 
pH EC  

(dS/m) ¶ 

Blanes Anaerobic CBL 56.6 29.0 3.2 7.0 6.5 7.6 
Manresa Anaerobic CMR 55.5 40.6 2.3 4.3 7.1 3.9 
Vilaseca Aerobic CVL 58.3 35.8 3.0 5.8 6.9 8.5 
Besós Physico-chemical TBS 72.3 8.6 2.2 4.0 6.1 1.4 
Mataró Anaerobic TMT 74.0 40.4 3.5 3.3 6.2 5.8 
Sabadell Anaerobic TSB 62.2 39.5 3.9 5.8 7.3 0.9 

† WWTP: identification of municipal waste water treatment plant. * Composted sludge from Blanes (CBL), Manresa (CMR) or 
Vilaseca (CVL), and thermally-dried sludge from Besós (TBS), Mataró (TMT) and Sabadell (TSB). ‡ Stability degree: percentage of 
organic matter resistant to acid hydrolysis. ¶ EC: Electrical conductivity (1:5 water extract). 
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Table 2.  Mean values of the physicochemical properties of <2 mm fraction of the soil amended with different types of 

sewage sludge (Ojeda et al. 2009a).  

Type of 

sludge 

Treatment† 

 

Sand 

% 

Silt 

% 

Clay 

% 

pH 

(H2O) 

E.C. 

(dS/m) 1:5 

SOM* 

% 

N 

% 

P-Olsen 

mg/kg 

CBL 44,2 35,2 20,6 8,0 1,1 1,8 0,15 51 
CMR 45,7 34,3 20,0 8,1 0,9 1,6 0,10 46 

Composted 

CVL 38,3 36,2 25,5 8,0 1,0 2,4 0,22 101 
TBS 46,2 34,0 19,8 8,2 0,5 1,9 0,12 35 
TMT 38,6 41,3 17,4 8,1 0,5 2,9 0,16 49 

Thermally 
dried 

TSB 51,0 31,6 20,1 8,3 0,7 1,2 0,08 10 
Control OMS 42,5 35,0 22,5 8,5 0,5 0,8 0,06 6 

† See Table 1 to identify sewage sludge treatment. *SOM: organic matter. OMS: soil without sludge. 
 
Results 
The measured values of w and ψ for amended soil under drying processes ranged from 0.01 to 0.15 g g-1 and from -
0.5 to -50 MPa, respectively, where increases in ψ always resulted in decreases in w. The time required to air dry 
the non-amended soil from wilting point (-1.5 MPa) to dryness (-25 MPa) reached a maximum value of 82.5 min. 
Analyzing the ∆ttotal parameter, one month after sludge addition (T1) the soil treated with composted sludges 
required more air drying time (55 % ) in a soil layer < 2 mm, whilst one year after sludge addition (T2) one of the 
studied thermally dried sludges was able to reduce the time required for water evaporation (27%). Comparing with 
the corresponding soil gravimetric water content retained between -1.5 and 25 MPa (∆wtotal, Figure 2b), at T1 all 
sludges (except the thermally dried sludge from Sabadell) increased the soil water retention, whilst at T2 only the 
composted sludge from Vilaseca and the thermally dried sludge from Mataró showed a significative increase. This 
means that composted sludges were possibly more useful to increase the soil water content at short term, because 
the water desorption was slower during soil evaporation compared to the soil amended with thermally dried 
sludges.  
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 2. Mean values of (a) time elapsed between wilting point (ψψψψ = -1.5 MPa) and dryness (ψψψψ = -25 MPa) called ∆ttotal 
(from Ojeda et al. 2009a) and (b) its corresponding gravimetric water (∆wtotal) for the different sludge treatments (see 

Table 1) at sampling time one (T1) and two (T2). Bars with the same letter are not significantly different at p<0.05. 

 
 
 
 
 
 
 
 
 
 
 

Figure 3. Relationships between total organic carbon (TOC) with (a) water holding time (∆ttotal) (from Ojeda et al. 

2009a) and (b) the corresponding gravimetric water (∆wtotal) for the different sludge treatments (see Table 1) at 
sampling time T1. 
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With respect to the relationship between the total organic carbon (TOC) with the water holding time (∆ttotal) and its 
corresponding gravimetric water content (∆wtotal) (Figure 3), it was observed that increases in TOC corresponded 
with increases in ∆ttotal only at T1 and with ∆wtotal at both samplings. However, the r2 values suggest that TOC 
could better explain the increases in ∆wtotal than the increases in ∆ttotal, because not all increments in TOC 
corresponded with increments in the water holding time. This is possibly due to the fact that sludge organic matter 
could be hydrophobic.  
 
On the other hand, during wetting and drying processes, water is present in soil at different places e.g. totally filling 
pore soil, at the asperities of pore walls, in pendular rings between grains, in bridges between grains separated by 
small gaps, in pore throats between larger pores, or in structures formed by a combination of these water 
morphologies (Ojeda et al. 2009a). Ojeda et al. (2009b) observed that during wetting process composted sludges 
incremented the time required to the same soil to change its water content from dryness (-25 MPa) to wilting point 
(-1.5 MPa), possibly by low wettability induced by sludge amendments. Thus, it is possible that during drying 
process, when the water film that links the different water morphologies start to disappear, the isolated soil wet 
areas could be surrounded by soil dry areas with low wettability in the soil treated with composted sludge, which 
could reduce the movement of water on soil pores during air drying.  
 
Conclusions 
Composted and thermally dried sludges modified the water holding time and the soil water retention. Because of 
low wettability, composted sludges can increase soil water retention due to restrictions of water movement. 
Possibly, this is due to the fast drying of surface pores which were initially wetted recovering water repellency 
during the drying process, thus limiting the water desorption. Thermally dried sludges also increase soil water 
retention but without increasing the water holding time and in some case, reducing it. In terms of microbial water 
availability, composted sludge could be more useful as a soil amendment. 
 
Acknowledgements  
This research was carried out under the RESMINLOD project (CTM2006-14163-C02-01/TECNO projects of 
Spanish Ministry of Environment, respectively). We thank the Fundação para a Ciência e a Tecnologia (FCT) for 
postdoctoral fellowship of Gerardo Ojeda and the collaborators of RESMINLOD project. 
 
References 
Bachmann J, Guggenberger G, Baumgartl T, Ellerbrock R, Urbanek E, Goebel M, Kaiser K, Horn R, Fisher WR 

(2008) Physical carbon-sequestration mechanisms under special consideration of soil wettability. Journal of 

Plant Nutrition and Soil Science 171, 14-26. 
Braddock RD, Parlange JY, Lee H (2001) Application of a soil water hysteresis model to simple water retention 

curves,” Transport in Porous Media 44, 407-420. 
Nitao JJ, Bear J (1996) Potentials and their role in transport in porous media. Water Resourses Research 32, 225-

250. 
Ojeda G, Perfect E, Alcañiz JM, Ortiz O (2006) Fractal analysis of soil water hysteresis as influenced by sewage 

sludge application. Geoderma 134: 386-401.  
Ojeda G, Marando G, Bonmati M, Alcañiz JM (2009a) Time dependence of soil water hysteresis in a soil reclaimed 

by sewage sludge amendments. In ‘Poromechanics IV’. (DEStech Publications, Inc, PA) pp. 537 – 542. (New 
York, USA) ISBN 978-1-60595-006-8. 

Ojeda G, Alcañiz JM, Bonmatí M, Woche SK, Bachmann J (2010) Wetting process and soil water retention of a 
soil amended with composted and thermally dried sludges. Sent to Geoderma and moderate revision. 

Pozdnyakov AI, Pozdnyakova LA, Karpachevskii LO (2006) Relationship between water tension and electrical 
resistivity in soils. Eurasian Soil Science 39 (Suppl.), S78-S83. 

 



© 2010 19th World Congress of Soil Science, Soil Solutions for a Changing World 
1 – 6 August 2010, Brisbane, Australia.  Published on DVD. 

83 

Spatial and temporal changes of soil physical properties of an Andisol in southern 

Chile as a consequence of grazing and wetting and drying cycles  
 
Dorota DecA, José DörnerA and Oscar BalocchiA 
 
AFaculty of Agricultural Sciences, Austral University of Chile, Valdivia, Chile, Email dorkadd@gmail.com, josedorner@uach.cl, 
obalocch@uach.cl 
 
 
Abstract 
Weather, human activity and different soil management are factors that lead to spatial and temporal variations in 
soil physical properties. The aim of this study was to study the effects of grazing and wetting and drying (WD) 
cycles on some time-space dependent physical properties of an Andisol (Duric Hapludand) in southern Chile. 
Temporal changes in soil water content (WC) influenced the penetration resistance (PR), and were also related 
to the aggregate strength (AS) and precompression stress (Pv). Soil compaction caused by livestock not only 
affected PR spatially, but also disturbed the pore continuity, thus reducing the air conductivity of the soil. 
 
Key Words 
Grazing, soil water content, mechanical strength, pore functions, spatial and temporal variability 
 
Introduction  
The water regime in soils is very important to aggregate formation, morphology of soil structure, processes 
occurring in the soil, plant-growth and the functioning of microorganisms. This, in turn, depends on the ability 
of soil to provide nutrients, gases, heat, water and a rootable pore system. These properties are exposed to 
continuous changes, whether due to natural phenomenon (WD cycles) or human activities (tillage-induced 
disturbance and grazing events). The latter often causes severe changes in soil structure which have a 
detrimental impact on soil functions, e.g. soil disturbance due to tillage or grazing that represents the most 
dynamic and influential modification (in time and space) of soil physical properties such as bulk density, water 
and air conductivity (Schäfer-Landefeld et al. 2004). Until now, temporal and spatial changes of soil physical 
properties are not well known in southern Chile. Therefore, the purpose of this study was to illustrate the spatial 
and temporal changes of soil’s physical properties (WC, PR) measured in the field relating them to the grazing 
events, changes in WC and soil strength and pore functions measured in the laboratory. 

 
Methods 
Soil and management 

The investigation was conducted in an experimental field located in Valdivia (Santa Rosa). Before starting the 
experiment, the soil (Duric Hapludand, Serie Valdivia) was cultivated and Lolium perenne and Trifolium repens 
were seeded in April, 2008. The grazing (2 animals/400 m2) began in September, 2008 and was the same in all 
plots.  
 
Soil sampling and measurements 

The soil samplings and measurements were conducted from November, 2008 until April, 2009 (SR1- 03.11.08; 
SR2- 10.11.08; SR3- 09.01.09; SR4- 10.03.09; SR5- 15.04.09; SR6- 20.04.09; Figure 1) depending on the soil 
water content (WD cycles) and grazing. The experimental field consisted of 6 plots (20x20m). The water 
content (TDRs) and penetration resistance (Penetrometer) were measured on each plot, arranged along transects 
3m apart with each transect divided into 13 points (separation: 1.5 m). When field measurements were done, 
undisturbed soil samples in metallic cylinders and soil aggregates were collected from 2 to 10 cm depths. 
 
Laboratory determinations  

Saturated hydraulic conductivity (Ks, cylinders of 250 cm3, n: 10) was measured with a water permeameter 
using the constant head method. Ks was measured after 1 and 72 hours of continuous water flow. In order to 
define the pore size distribution, the water retention curve (cylinders of 220 cm3, n: 7) was measured using sand 
tanks and pressure chambers. The precompression stress (Pv, cylinders of 110 cm3, n: 6), determined in an 
odometer after equilibration of the soil samples at a matric potential of 60hPa, was calculated according to the 
Casagrande method (Rico and del Castillo 1978). In order to define the structural and functional resilience of 
pores, the air conductivity (Ka) was measured before (bC) and after (aC) compaction. The crushing test (n: 20) 
was conducted in order to describe the aggregate strength (Dexter and Kroesbergen, 1985). For this purpose 
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aggregates were saturated, equilibrated at -60, -330hPa and 30°C and then crushed between two parallel splints 
by adding water.  
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Figure 1.  Development of rainfall during the experiment. SR indicates the soil samplings and circles the grazing 

events.  

 
Results 
Temporal and spatial changes in soil strength as a consequence of grazing events and WD cycles  

The decrease in water content in the soil induced an increase in PR. The latter, however, is spatially dependent 
as a consequence of the grazing events. Animal trampling leads to the degradation of the soil’s physical quality 
and the deterioration of soil structure through hoof action of the grazing animals. Compacted soil causes soil 
deformation and changes soil’s physical properties such as e.g. PR (Reszkowska et al. 2009). 

 
Figure 2.  Spatial distribution of volumetric water content (WC) and penetration resistance (PR) in SR2 (10.11.08) 

and SR3 (09.01.09). 

 
The observed values of PR in the present investigation are similar to those presented by Bachmann et al. (2006) 
in a Typic Hapludand under pasture. Soil penetration resistance is a mechanical property that has been used by 
many authors as an indicator of soil compaction (Draghi et al. 2005). In wet soils, where pore space is filled 
with water, the menisci forces cause the soil particles to loose contact between them. This, in turn, increases the 
soil’s susceptibility to compaction. The water menisci forces build up during drying induced and increase in PR, 
which exceeds critical values to root growth (2000 kPa, Bengamin et al. 2003). We believed, however, that this 
great PR do not affect the root growth because of the low bulk density (< 0.9 g/cm3) caused by the great amount 
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of organic soil carbon and the presence of allophane which are typical characteristics of Andisols (Dörner et al. 
2009). The latter, however, need further investigation. 
Temporal changes were also observed for other soil properties (Figure 3) which are related to the grazing events 
and WC cycles. The changes in mechanical strength registered by PR were also observed at the soil aggregate 
and core scales, i.e. an increase in penetration resistance also meant greater values of aggregate strength and 
precompression stress. After the grazing event occurred between SR5 and SR6 (17 April, 2009) both PR and AS 
increased.   
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Figure 3. Temporal (soil sampling SR1-SR6) changes in penetration resistance (PR), water content (WC), bulk 

density (dB, SR1-SR4), precompression stress (Pv, SR1-SR5) and aggregate strength (AS). 

 
Temporal changes in soil structure and pore functions as a consequence of grazing events and WD cycles   

Temporal changes were also observed in air conductivity (Figure 4). Ka showed a slight decrease between the 
first and third soil samplings. The third sampling event (SR3) occurred 1 month after the last grazing event 
which did not allow enough time for the soil to recover its functional integrity. The changes in water content 
during summer and autumn induced crack formation due to the great shrinkage but low swelling capacity of 
these soils (Dörner et al. 2009). The latter explains the increase in Ka. After the consolidation experiment, Ka 
decreased; i.e. soil deformation and partial recuperation of the volume affect the continuity and efficiency of the 
porous system.  
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Figure 4.  Air conductivity before (bC) and after (aC) compaction as a function of time (soil samplings SR1-SR5). 

 
A redistribution of soil pores was observed during the experiment (Figure 5a). While the larger pores (wCP) 
remained constant, the narrow (nCP) and mesopores (MP) decreased 5.9% and 2.5%, respectively, and 
micropores (FP) increased 2.67% between SR1 and SR4. On the other hand, variations in water permeability 
(Figure 5b) reflect changes presented in PR (Figure 2, 3), bulk density (Figure 3) and pore size distribution 
(Figure 5a). These dynamic changes in the soil’s hydraulic properties are caused not only by WD cycles but also 
by grazing events where simultaneous compaction, shearing, kneading and homogenization (Warren et al. 1986) 
lead to intensive disruption of soil structure (especially topsoil) which, in turn, changes soil porosity and the 
connectivity of the porous system (Figure 5). 
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Figure 5.  a) Pore size distribution (wCP:>50µm, nCP:50-10µm, MP:10- 0.2µm, FP:< 0.2µm and b) saturated water 

conductivity as a function of time (soil samplings SR1-SR4). 

 
Conclusion 
The penetration resistance changed in time and space in relation to soil water content and the grazing events. 
Changes in penetration resistance reflected the aggregate strength and the precompression stress. The pore 
system and its distribution were dynamic, changing temporarily as a consequence of internal and external 
forces. The latter also induced changes in mechanical strength and pore functions as observed in water and air 
conductivity, e.g. soil compaction caused by livestock disturbs continuity of pores and, consequently, reduced 
the air conductivity in the soil.  
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Abstract 
Aggregate stability strongly influences soil structure and has relevant implications to soil organic carbon 
protection. We studied the physico-chemical and physical mechanisms of soil structural stability in a long-term 
experiment in north-eastern Italy. A 3D void network model was used to investigate subtle structural changes in 
aggregates and their hydraulic properties (intrinsic permeability). The study demonstrated the central role of 
organic carbon on aggregate stabilization, partly by reducing the intrinsic aggregate permeability and soil 
wettability.  
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Soil structure, aggregate stability, SOC, Pore-Cor, long-term experiment, organic fertilizers 
 
Introduction 
Aggregate stability is an important factor influencing soil fertility. Aggregate breakdown is strongly affected by 
physico-chemical and physical mechanisms. Recent studies showed the importance of soil organic carbon 
(SOC) and its humic compounds in aggregate stabilization by at least two different mechanisms: first by 
increasing soil hydrophobicity and then reducing its breakdown by slaking (Chenu, 2000). Secondly, organic 
carbon increases the aggregates’ inter-particle cohesion. Effects of SOC on porosity and indirectly aggregate 
stability have recently been suggested (e.g. Lugato et al., 2009; Papadopoulos, 2009). Fertilizers with a high 
organic carbon content, such as manure, would therefore be expected to increase aggregate stabilization. 
However, little is known about the relative importance of chemical and physical soil stability mechanisms. 
Organic carbon can maximize the effect of stability indices with different pre-treatments. In addition, a 3D void 
network model can be used to investigate subtle structural changes in soils based on intrusion curves (e.g. 
Holtham et al., 2007). In this work we used a 3D void network model combined with physico-chemical and 
physical measurements to investigate the factors affecting soil aggregate stability in a long-term experiment. 
 
Methods 
The long-term experiment is located in north-eastern Italy at the Experimental Farm of the University of Padua. 
It has been underway since 1962, comparing organic (farmyard manure and slurry), mineral and mixed (organic 
and mineral) fertilizers. The experimental layout is a split-plot with three replications. This work considers 8 
treatments with maize as main crop. Half of the treatments also include crop residue incorporation. Wet sieve 
analyses were carried out on 1-2 mm aggregates after pre-treatments with ethanol (ETOH), benzene (BENZ), 
fast and slow wetting with water (FW and SW). The aggregate stability index was calculated according to Diaz-
Zorita et al. (2002). Soil organic carbon characterization included humic fractions (nominal molecular weight: 
>100 kDa, 100-10 kDa and <10 kDa) and functional group analysis. Wettability was measured by the capillary 
rise method (Siebold 1997). Aggregate pore distribution in the range 0.0037-58 µm was analyzed by mercury 
porosimetry with Thermo Finnigan Pascal 140 and Thermo Finnigan Pascal 240. To evaluate the effect of soil 
structure on aggregate stability, pore distribution curves were analyzed with Pore-Cor (Price et al. 2009), a 
network void model that can generate a simple 3D stochastic representation of soil structure and then quantify 
its features. The model approximates the geometry of a void unit cell containing 1000 cubic pores connected by 
up to 3000 cylindrical throats.  
 
Pore-Cor’s uniqueness over other modeling approaches is that it creates a physically realizable geometry and 
generates five parameters that are real properties resulting from the closeness between simulated and 
experimental curves. Intrinsic hydraulic conductivity (Perm) was estimated from primary parameters. At least 
ten fits were conducted per replication, corresponding to different stochastic generation numbers. To emphasize 
the effect of soil structure on wetting and consequently on aggregate stability, fast dynamic wetting with water 
was modeled on the basis of previously generated unit cells. 
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Results 
The aggregate stability index varied according to treatments and soil characteristics. Aggregates pre-treated with 
benzene maximized the effect of organic matter, increasing hydrophobicity. Indeed, contact angle measurements 
were correlated to SOC, high-weight humic fraction (HF1) and stability structure index (pre-treated with 
benzene). On the contrary, the stability index with fast and slow wetting pre-treatments was influenced by 
porosity, especially in the 5-0.1 µm range (ultramicropores). Pore-Cor parameters showed high variability 
among replicates and no significant differences were observed among treatments. However, connectivity (Conn, 
i.e. the average number of connected throats per pore) and correlation level (CorLevel, i.e. the local degree of 
clustering within the unit cell) had higher variability in mineral treatments than organic ones.  All modeled 
samples showed a bimodal throat size distribution (throat spread greater than 0.55), with higher values in 
mineral treatments (0.83) than in organic ones (e.g. 0.60 in farmyard manure). Even if the differences were not 
significant, the trend distinctly underlined a smaller throat spread at increasing levels of organic input. 
According to Lugato et al. (2009), organic carbon positively affects soil microporosity, reducing the widening 
effect towards small pores. This is also confirmed by the positive relationship (p<0.05) between SOC and 
ultramicropores (5-0.1µm). The effect of the different pore sizes on fast wetting is shown in Figure 1. 
 

 
Figure 1. 3D modeled structures (unit cell) after 10 minutes of simulated fast wetting at unit pressure. Wetting rate 

is visibly lower with farmyard manure which has high microporosity (left) than in mineral fertilization + residues, 

with low microporosity (right). Colors of throats and pores vary from blue (completely full, 100%), to purple, to red 

(completely empty, 0%). 
 
Principal Component Analysis (PCA) performed on 18 variables (aggregate stability indexes, SOC and humic 
fractions, porosity classes, Pore-Cor parameters) emphasized the essential role of water repellency on aggregate 
stabilization, clustering organic carbon content (OC), contact angle (WET) and high weight humic fraction with 
wet sieve analysis pre-treated with benzene (Figure 2). PCA also highlighted the positive effect of intrinsic 
permeability on breakdown mechanisms (higher slaking) due to the faster water infiltration in the aggregates 
(Figure 2). Correlation level seems to be the only Pore-Cor parameter affecting permeability (see cluster in 
Figure 2), most likely because it reduces the shielding effect of small throats around large pores.    
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Figure 2. Factor loadings for 18 parameters selected for principal component analysis. 

 
Conclusion 
Physico-chemical and physical mechanisms affected aggregated stability in the experiments. The former were 
mainly due to the influence of organic carbon on soil wettability. Organic carbon also had a partial effect on the 
physical protection mechanisms influencing void size distribution. In this case ultramicropores were decisive in 
reducing fast wetting and therefore aggregate stability. 
 
References 
Chenu C (2000) Organic matter influence on clay wettability and soil aggregate stability. Soil Science Society of 

America Journal 64, 1479-1486.  

Diaz-Zorita M, Perfect E, Grove JH (2002) Disruptive methods for assessing soil structure. (Special Issue: Soil 
fragmentation and seedbed characterization). Soil & Tillage Research 64, 3-22. 

Holtham DAL, Matthews GP, Scholefield DS (2007) Measurement and simulation of void structure and 
hydraulic changes caused by root-induced soil structuring under white clover compared to ryegrass. 
Geoderma 142, 142-151. 

Lugato E, Morari F, Nardi S, Berti A, Giardini L (2009) Relationship between aggregate pore size distribution 
and organic-humic carbon in contrasting soils. Soil & Tillage Research 103, 153-157. 

Papadopoulos A (2009) Investigating the effects of organic and conventional management on soil aggregate 
stability using X-ray computed tomography. European Journal of Soil Science 60, 360-368.  

Price C, Matthews GP, Quinlan K, Sexton J, Matthews AGG (2009) A depth filtration model of straining within 
the void networks of stainless steel filters, AIChE Journal, DOI 10.1002/aic.11925. 

Siebold A (1997) Capillary rise for thermodynamic characterization of solid particle surface. Journal of Colloid 

and Interface Science 186, 60-70.  



© 2010 19th World Congress of Soil Science, Soil Solutions for a Changing World 
1 – 6 August 2010, Brisbane, Australia.  Published on DVD. 

90 

Suitability of electro-remediation for clean-up of PAH-contaminated clays 
 
Ana T. LimaA, J.P. Gustav LochA and Katja HeisterB 

 
ADepartment of Earth Sciences, Geochemistry, Faculty of Geosciences, Utrecht University, PO Box 80.021, 3508 TA Utrecht, The 
Netherlands 
BDepartment für Ökologie und Ökosystemmanagement, Technical University of Munich, D-85350 Freising-Weihenstephan, Germany 

 
Abstract 
The removal of PAH from soils, especially clayey soils, is a difficult task. Electro-osmosis is a technique which 
has been applied for the mobilization and cleanup of contaminants in clayey soils. The present focus is on the 
laboratory study of electroosmosis in two clayey materials: Wyoming bentonite and a contaminated peaty clay 
soil from Olst, the Netherlands. The results were quite disparate, but Olst soil experiment achieved a quite 
promising coefficient of electro-osmotic conductivity and a good base for field applications. 
 
Key words 
Electro-osmosis, clay, polycyclic aromatic hydrocarbons (PAH), clay weathering, remediation 
 
Introduction 
Clay layers act as semi permeable membranes, where water transport can be induced by a gradient in electrical 
potential. This flow type, termed electro-osmosis, is significant in materials of very low permeability, i.e. of 
hydraulic conductivity ≤ 1•10-9 m /s(Mitchell 1993). Fluid flow by hydraulic force is impeded, whereas electro-
osmosis is far more effective for creating fluid flow. The electro-osmotic volume flux of a solution (Jv in m/s) is 
expressed by the following phenomenological equation: 
 vJ ek= )( E−∇  

where E is the electrical potential (V), and ke is the coefficient of electro-osmotic conductivity (m2 /V/s).  The 
practical range for ke of fine-grained soils is between 1•10-9 and 1•10-8 m2 /V/s.  
 
Electro-osmosis has been applied for the mobilization and cleanup of contaminants in clayey soils (Pamucku 
and Wittle 1992; McNab and Ruiz 1999; Saichek and Reddy 2005) and may be a promising and cost-effective 
technology, in particular for the removal of hydrophobic organic contaminants (HOC) from clays. A common 
group of HOC in soils are the polycyclic aromatic hydrocarbons (PAH). Recent studies (Saichek and Reddy 
2005) have focused on electro-remediation of PAH-contaminated clayey soils and emphasize the large 
enhancement of PAH-mobility by surfactants. Until now successful application of electro-osmosis for cleanup 
of contaminated sites has been scarce. In part this is due to insufficient knowledge of geochemical processes 
involved. Electro-osmosis in clay has resulted in unexpected side effects, e.g. acidification and subsequent clay 
mineral degradation and precipitate formation in the soil. At large voltages electrolysis of water occurs, causing 
production of H+ and O2(g) at the anode and of OH- and H2(g) at the cathode (Grundl and Michalski 1996; Chen 
and Murdoch 1999). In lime-deficient soils the resulting low pH front moves through the clay, meeting the 
hydroxyl-ions near the cathode. Since at low pH soil-Fe and -Al and contaminant heavy metals become mobile, 
they may precipitate as salts near the cathode and/or cause changing surface charge of the minerals, leading to 
declining electro-osmotic and hydraulic conductivities (Cherepy and Wildenschild 2003). We studied these 
effects of electro-osmosis in contaminated clay soil and clean Wyoming bentonite The soil is contaminated by 
PAH, which are hard to remove by hydraulic flow. The major objectives of this presentation are to quantify the 
magnitude of electro-osmosis in the selected clayey materials, to identify geochemical processes and effects of 
electro-osmosis in the solid and liquid fractions of the clay and to quantify the transport of polycyclic aromatic 
hydrocarbons from clays by means of electro-osmosis. 
 
Methods 
Two soils were studied in the laboratory: a pure Wyoming bentonite clay and a contaminated peaty clay soil, 
from a former asphalt factory terrain in Olst, the Netherlands. The pH of the bentonite clay and contaminated 
soil was determined in a standard 1:2.5 KCl suspension, using a glass electrode; cation exchange capacity 
(CEC) was quantified by the silver–thiourea method, and the exchangeable ions were determined by inductively 
coupled plasma mass spectrometry (ICP-MS); zeta-potential measurements were performed by Malvern 
Zetasizer Nano equipment; PAH were extracted according to Hartmann (1996) and quantified by gas 
chromatography–mass spectrometry (GC-MS); organic carbon and carbonate content were determined by TGA, 
using  a Metler AT200. 
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An experimental cell was designed for the study of electro-osmotic flow and geochemical side effects in clayey 
soils (Figure 1).  The current density used to study the electroosmotic flow in bentonite was 0.005 A m-2. For the 
contaminated soil, current density was increased to 0.1 A m-2. The cylindrical cell, made of PVC, consists of a 
top and bottom part in between which a layer of dry bentonite or soil is fitted in a circular space of about 6 mm 
thick and 50 mm diameter. The resulting bulk density of the clay is 0.85 g cm-3. On each side of this clay slab a 
porous stone is present of about 5 mm thick. On the interface of each porous stone with the clay, a gold wire is 
placed to function as electrode. By means of tygon tubing through the top and bottom of the cell the clay is in 
contact with equilibrium reservoirs containing influent and effluent aqueous solutions. Initial equilibrium 
composition of both reservoirs is 10 mmol/L NaCl in demineralized water. Water saturated clay is placed in the 
cell and subsequently brought in equilibrium with the reservoir solutions during 5 days.  Each reservoir is 
connected to a capillary standpipe with an internal diameter of 2.93 mm. Thus inflow and outflow rates are 
monitored. The volumes of anolyte and catholyte reservoirs are approximately 10 ml each. The volume of the 
water-saturated bentonite is kept constant by means of clamp screws, inserted on the cell, to prevent it from 
swelling. Throughout the experiments both reservoirs are continuously recirculated. 

 
 

Figure 1.  Experimental cell and schematic representation. a) porous stone; b) gold electrodes 
During the electro-osmotic experiment the pH is monitored in both the anolyte and catholyte reservoirs. 
Furthermore the voltage difference between the electrodes is monitored as well as the reservoir voltages.  Both 
electro-osmotic flow and pH are recorded for 34 days. After termination of electro-osmosis both reservoirs are 
sampled for analysis of PAH by GC-MS and the clay layer is cut in four slices perpendicular to the flow 
direction.  . 
 

Results and discussion 
The two clayey materials are strongly different, in terms of contaminant content and composition. Table 1 
shows some of the characteristic features of the materials. There is a noticeable difference in pH. Bentonite’s 
higher pH and lime content strongly buffer the acidic front generated by the electric field. Figure 2 exemplifies 
the pH differences occurring during electroosmosis in Olst soil. 
 
Table 1. Summary of the material characteristics; *CEC occupied by Ca,K, Mg, Na; ** in 0.01M NaCl solution 

Parameter Olst soil Bentonite 

pH 4.84 7.51 
CEC (cmol·kg)* 10.78 ± 0.263 18.69 ± 0.645 
CaCO3 (%) n.d. 10.63 
Zeta potential (mV)** -42.10 -52.8 ± 4,55 
Organic carbon (%) 1.6 0.0064 
PAH (mg/kg) 2751.5±113 n.d. 
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Figure 2. Development of the acidic front (pH +) from the anode, and alkaline front (pH -) from the cathode during 

electroosmosis in Olst soil. 

 
The achieved electroosmotic flow significantly differed between the bentonite and the contaminated soil. After 
determining the total quantity of water transported to the cathode (or anode, depending on environmental 
conditions), the coefficient of electro-osmotic conductivity was determined. The bentonite experiment resulted 
in a ke =  4.2•10-8 m2 /V/s. Figure 3 shows the water flows during the electroosmotic experiment in the Olst  soil. 
This experiment has a ke =  2.2•10-8 cm2 /V/s. This increase of electroosmosis is in the optimistic range of 
literature, which says that ke for soil should be between 1•10-8 and 1•10-9 m2 /V/s (Mitchell 1993). This value is 
quite promising for electroosmotic remediation in the field. Almost 300 ml have passed though a 5 mm soil plug 
during 12 days at a voltage gradient range of 0.58 to 8.0 V/cm.  
 

 
Figure 3. Graph presents the water flow during the experiment from cathode to anode, while the picture on the 

right shows the difference in water level after 12 days of experimental time  

 
However, the water flow in the Olst soil was the opposite to the expected direction. Migration of water towards 
the anode is expected in specific cases, e.g. where the pH of the soil is below its zero point of charge. Minerals 
such as Fe2O3, Fe(OH)3 and Al(OH)3 have a positive surface charge in the pH-range below about 7 (e.g. Sposito 
2008). FeS2 was identified by Scanning Electron Microscopy (SEM) as a possible species existing in the Olst 
soil (Figure 4).  

 
Figure 4. Scanning Electron Microscope images of Olst soil showing possible presence of FeS2 species. 
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Abstract 
This paper reports on the distribution of soil aggregates for Vertosols and Ferrosols as a function of the energy 
involved in dispersion, known as the dispersive energy. For Vertosols showing an aggregate hierarchy, the 
breakdown of aggregates is modelled using the aggregate liberation and dispersion characteristic curve 
indicating a stepwise breakdown of soil aggregates. Meanwhile, for Ferrosols, during dispersion the 2-50 µm 
aggregates increases monotonically with increasing dispersive energy, which is indicative of the direct release 
of silt and clay from the disruption of aggregates. The exponential decrease in ultrasonic power over time for the 
Ferrosols, as opposed to the prominent drop or steps in the curves for the Vertosols, confirms the lack of a 
prominent aggregate hierarchy.   
 
Key Words 
Aggregate hierarchy, dispersive energy, ultrasonics, comminution dynamics, soil structure, aggregate stability 
 
Introduction 
The interaction between soil particles has a significant effect on a range of soil physical properties such as 
stability, pore size distribution and erodibility. Its description has resulted in the development of concepts and 
models, which describes a system of aggregation as hierarchy or non-hierarchy. Determining the hierarchical 
order of soil aggregation has attracted considerable investigations. 
 
But not all soils display the hierarchical system (Oades and Water 1991). In the work by Oades and Water 
(1991), the Oxisols were not found to have the hierarchical order. Golchin et al. (1998) states, the aggregate 
hierarchy may have universal application for soil where organic matter is the main stabilizing agent. Although 
this hierarchical model may hold for organically stabilized soil, the presence of individual hierarchical levels of 
the micro-aggregates and resulting macro-aggregates may vary in non-organic soil or those with greater clay 
contents. 
 
Several methods have been developed to judge if aggregate hierarchy exists or not. Oades and Water (1991) 
pointed out that if aggregates are disrupted in a stepwise fashion then a hierarchy exists, but if aggregate 
breakdown results in direct release of silt and clay size materials there is not a hierarchical order. In the work of 
Field and Minasny (1999), aggregate liberation and dispersive curve (ALDC) is developed to describe the 
stepwise breakdown of an aggregate hierarchy for Vertosols subjected to ultrasonic agitation, which implies the 
hierarchy for Vertosols. Furthermore, the ratio between the rate constants in the ALDC model can be used to 
establish if there is a stepwise breakdown of larger aggregates, a criterion required to establish the presence of 
an aggregate hierarchy (Field et al., 2006). The energy reported in the above work using ultrasonic instruments 
is not the energy required to disrupt soil aggregates but in terms of total energy applied as determined 
calorimetrically, and thus the aggregate breakdown dynamics under a certain dispersive energy is still not clear. 
 
Recently, a technology for measuring soil aggregate dispersive energy using ultrasonic dispersion was proposed 
by Zhu et al. (2009a) , and its method was developed to characterize the aggregate dispersion characteristic 
curve (Zhu et al., 2009b) . This paper furthers the method to take insight into aggregate breakdown dynamics by 
simultaneously modelling the dynamics of aggregates in a range of soil particle-sizes (<2 µm, 2–50 µm, 50–
2000 µm) as the increasing dispersive energy of aggregates by ultrasonics. 
 
Materials and Methods 
Surface samples from the top 300 mm of soil from five sites throughout New South Wales, Australia, were 
collected for this study. The Vertosols were collected from Narrabri (149°32'E, 30°11'S) and the Namoi valley 
(149°28'E, 30°15'S). The Ferrosols were obtained from Wongarbon (148°40'E, 32°15'S) and Mt. Wilson 
(150°23'E, 33°30'S). 
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All the samples were air-dried and then gently ground and sieved to obtain a 0.25 to 1 mm fraction. The air-dry 
equivalent of 3g of oven-dry (105°C) soil was immersed in 30 ml de-ionized water in a 50 ml beaker. Samples 
were sonified in the beaker which was insulated with polystyrene materials. Ultrasound was applied via a 
conical probe, and each suspension was treated with ultrasound for various time periods up to dispersion. The 
effect of sonification on aggregate breakdown was determined by measuring the size distribution of aggregates 
and particles (<2 µm, 2–50 µm, 50–2000 µm) as described in Field et al. (2006). The dispersive energy is 
derived by measuring the total input power of the ultrasonic device (active power with a resolution of 0.05 W) 
and the energy used to heat the system (calorimetrically using platinum resistors with a resolution of 0.01oC).  
The procedure for deriving the dispersive energy is described in Zhu et al. (2009a). 
 
Results and discussion 
The dynamics of aggregate breakdown as a function of dispersive energy is summarized in the aggregate 
disruption characteristic curves (ADCC, particles 50–2000 µm), soil dispersion characteristic curves (SDCC, 
particles <2 µm) and aggregate liberation and subsequent dispersion curves (ALDC, aggregates 50–2000 µm) as 
presented in Figure 1.   
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Figure 1.  Particle-size distribution of soil related to dispersive energy for (a) Narrabri Vertosol, (b) Namoi Vertosol, 

(c) Mt. Wilson Ferrosol, and (d) Wongarbon Ferrosol 

 
For the Vertosols (Figure 1a and b), the observed trends in the aggregate liberation and dispersion is consistent 
with Field et al. (2006), indicating that the rate of aggregate liberation is greater than dispersion until the energy 
input exceeds L1, where the rate of dispersion exceeds aggregate liberation. By comparison the ALDC’s for the 
two Ferrosol samples do not exhibit an observable inflection in the curve (L1) characteristic of a non-
hierarchical aggregated soil (Figure 1c, d). This implies that the breakdown of macro-aggregates in the Ferrosols 
results predominately in either the direct release of discrete particles or the redistribution of aggregates in and 
out of the particle size range at a similar rate. The notation of LA and LS on Figure 1a highlights when the all 
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macro-aggregates (50-2000 µm) are disrupted and all micro-aggregates  (2-50 µm) are all dispersed, 
respectively. 
 
The evolution of dispersive power as a function of input energy is illustrated in Figure 2 for all samples with the 
corresponding ALDC curve superimposed. The power used for successive sonifications to disperse the 
aggregates generally could be described as decreasing exponentially. An important point to notice is that the 
Vertosols (Figure 2a, b) exhibit prominent steps in the dispersive power resulting in discontinuities. These steps 
coincide with the condition when the 2-50 µm aggregates were completely dispersed. Meanwhile for the 
Ferrosols (Figure 2c, d) the dispersive power curve decreases exponentially, without any observable steps.  
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Figure 2. The relationship between dispersive power and input energy with the corresponding aggregate liberation 

annnnd dispersion curve superimposed for (a) Narrabri Vertosol, (b) Namoi  Vertosol, (c) Mt. Wilson Ferrosol, and (d) 

Wongarbon Ferrosol. 

 
Conclusion 
This work investigates the hierarchy of soil aggregates by modelling their breakdown under a certain dispersive 
energy. For the Vertosols and Ferrosols  used in this study, the relationship between dispersive energy and input 
energy is not linear. The Vertosols show hierarchy for that the aggregate liberation and subsequently dispersion 
under dispersive energy exists indicating the aggregates break down in a stepwise fashion under ultrasonic 
agitation. As for the Ferrosols, they don’t have the character above because their aggregates directly release out 
silt and clay when broke down under dispersive energy. 
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Abstract 
Modeling soil water dynamics requires an accurate description of soil hydraulic properties, i.e. the retention and 
hydraulic conductivity functions. Generally, these functions are assumed to be unchanged over time in most 
simulation studies. However, there is extensive empirical evidence that soil hydraulic properties are subject to 
temporal changes. In this paper, we implemented temporal changes in the soil hydraulic properties in a 
Richards’ equation simulation of soil water dynamics. Based on repeated measurement data of the top soil water 
retention curve, we compared the impact of using constant vs. temporally changing hydraulic functions on water 
flow simulation for different tillage methods. We observed distinct differences in the soil water content between 
the simulations for all tillage methods. The results show the remarkable effect of time-variable retention 
parameters on the soil water dynamics for tilled and non-tilled top soils. 
 
Key Words 
Soil hydraulic properties, temporal variability, soil tillage, pore-size distribution 
 

Introduction 
For many applied questions in the fields of crop production and agronomy, soil water dynamics are of 
fundamental importance. Modeling can be a valuable tool to optimize its management (Roger-Estrade et al. 
2009). However, such soil water modeling requires an accurate description of soil hydraulic properties, i.e. the 
soil water retention characteristics (WRC) and hydraulic conductivity functions. Generally, these constitutive 
functions are assumed to be unchanged over time in most simulation studies (Mubarak et al. 2009). However, 
there is extensive empirical evidence that soil hydraulic properties are subject to temporal changes particularly 
in the near-saturated range where soil structure essentially influences water flow characteristics (Alletto and 
Coquet 2009; Daraghmeh et al. 2008; Or et al. 2000). The structure of soil top layers is subject to changes 
during time, caused by wetting and drying, solution composition, agricultural operations, and biological activity. 
Soil tillage is used to improve soil structural properties by changing the soil pore-size distribution (PSD). Since 
these modifications are quite unstable over time, the PSD decreases after tillage (Leij et al. 2002; Or et al. 
2000). This effect should be largest for conventional tillage (CT), where the soil is ploughed after harvest every 
year.  
 
Many functions for expressing the WRC have been published (e.g. Brooks and Corey 1964; Van Genuchten 
1978). They are compatible with models that describe the relative hydraulic conductivity of soils (e.g. Burdine 
1953; Mualem 1976). However, most of these models are empirical curve-fitting equations and do not base on 
physical fundamentals (Kosugi 1994). In contrast, the soil retention model of Kosugi (1994) bases directly on 
the lognormal distribution of the soil pore-size distribution (PSD) as described by the Laplace-Young equation 
(Leij et al. 2002). Recent publications point out that the demand for a new model approach accounts for the 
temporal variability of the WRC (Alletto and Coquet 2009; Mubarak et al. 2009). In this study, we set up a 
water flow model that accounts for time variable retention characteristics in the uppermost soil layer. The effect 
of temporal variability of the WRC on soil water dynamics, as expressed by the volumetric water content, was 
tested and evaluated for different tillage systems.  
 
Governing equations 
Water flow in unsaturated or partly saturated soils can be described with the Richards’ equation (Richards 
1931): 

h h
C K K

t z z

∂ ∂ ∂ 
= − 

∂ ∂ ∂ 
  (1) 

where h is the soil water pressure head or water potential (dimension L), t the time (T), z the soil depth (L), K is 
the hydraulic conductivity (L/T) and C is the soil water capacity (/L). C is defined by the slope of the WRC 
(dθ/dh), where θ is the volumetric water content of the soil (L3/L3). In the present study, the WRC in the upper 
soil is described by Kosugi’s lognormal retention model (Kosugi 1994): 
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( )

( ) ( ) ( )

( )

ln h /1
erfc h 0

r s r2 2h

h 0
s

  ψ
+ θ θ − θ <   σθ =   

 θ ≥

  (2) 

where ψ (L) and σ are parameters that change the shape of the retention curve, θr is the residual volumetric 
water content and θs is the water content at saturation. Applying Mualem’s model, the unsaturated or relative 
hydraulic conductivity Kr is defined as follows (Kosugi 1994): 

( )
( )

( )

( )

22 ln h /1
K S erfc h 0

s eK 2 2 2r
K h 0

s

   ψ σ  ⋅ + <    θ = σ      


≥

 (3) 

According to Leij et al. (2002), the PSD can be obtained with a similar equation: 

( )
( ) ( )

2
ln r / rs r mf r exp

2 r 2

 θ − θ
 = −
 πσ σ 
 

  (4) 

where f (/L) is the frequency of a certain pore radius r (L). rm (L: µm) is the median pore radius that can be 
calculated from ψ (hPa) by rm = 1490/ψ exp(σ2) (Leij et al. 2002). 
 
Methods 
Field measurements were obtained on an arable field near the village of Raasdorf, Lower Austria, 20 km east of 
the city of Vienna. At this agricultural investigation site, the effects of different tillage methods, in specific 
conventional tillage (CT), reduced tillage (RT), and no-tillage (NT), were observed by our working group. For 
the different tillage systems the near-saturated hydraulic properties of the uppermost soil layer (0–15 cm) have 
been determined by infiltration measurements with tension-disc infiltrometers (Soil Measurement Systems, 
USA; diameter of the disc: 20 cm). Three replicate measurements were conducted for every type of tillage 
several times between August 2008 and July 2009 (Table 1). The adjusted hydraulic pressure heads were 
−10 cm, −4 cm, −1 cm, and 0 cm. Additional data points of the retention curve (0.2 – 3.0 bar) were determined 
by steel core samples. The software HYDRUS 2D/3D (Šimůnek et al. 2006) was used to fit the retention model 
of Kosugi (1994) inversely to the infiltration measurements. The resulting parameters were used to calculate the 
PSD for every time of measurement. The lower soil horizons were sampled with steel cores (volume: 200 cm3) 
in depths of 40 cm and 70 cm in July 2009. The WRCs of the subsoil layers were determined in the laboratory 
with a low pressure plate extractor (Soil Moisture Inc., USA) at pressure heads of 0.2, 0.5, 1.0, 2.0 and 3.0 bar. 
The program RETC was used to fit the parameter of the Van Genuchten retention model (1978) to the observed 
data. For calibration of the model, data of the soil volumetric water content measured directly in the field were 
available over the modelled time. 
 

Numerical model 
Model geometry 

The Richards’ equation was solved numerically using COMSOL Multiphysics (COMSOL AB) with MATLAB 
(The MathWorks Inc., USA). The 2D model geometry was defined by a rectangle soil column with a width of 
1.00 m and a depth of 1.20 m. According to the observed soil horizons in the field, the geometry was divided 
into three layers: the upper soil from 0 to 0.15 m (A-horizon, WRC determined by infiltration measurements), 
the lower part of the A-horizon between 0.15 m and 0.50 m, and the subsoil from 0.50 m to 1.20 m (C-horizon). 
The soil hydraulic properties of the lower layers were defined by the Van Genuchten retention model. Since the 
time-dependent effect of tillage was expected to be negligible, we set the hydraulic properties to be constant in 
the lower soil horizons.  
 
Initial and boundary conditions 

The model geometry was laterally confined by no-flux boundaries. The lower boundary was defined by a free 
drainage condition. On the basis of measured precipitation data, we used the empirical method of Allen et al. 
(1998) to calculate the potential evaporation and transpiration. The precipitation and the evaporation, the latter 
reduced by a pressure-head dependent reduction function, were applied to the model as upper boundary 
condition. Transpiration was implemented in a sink term using a growth function and a reduction function 
according to Feddes et al. (2001). 
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Initially, the hydraulic pressure head h0 was set to −0.5 m for the whole model geometry. To account for the 
WRC changing with time in the upper soil layer, adequate functions were fitted to the measured values for the 
Kosugi retention model parameters ψ and σ, the saturated hydraulic conductivity Ks,, and the soil water content 
at saturation θs (Table 1). For the simulations with constant hydraulic properties, median values for these 
parameters were used.  
 
The accuracy of the implementation of the evapotranspiration was evaluated by a comparative simulation using 
HYDRUS 2D/3D. The model was calibrated with measured soil water contents. Calculations were made with 
constant and time variable retention parameters of the upper soil layer for all observed tillage systems.  

Table 1. Retention data of the upper soil layer as observed by infiltration measurements for the different tillage 

methods (CT: conventional tillage, RT: reduced tillage, NT: no-tillage). The date of the infiltration measurement, 

the day in the simulation, the volumetric water content at saturation θs, the residual water content θs, the saturated 

hydraulic conductivity Ks, the parameters of the Kosugi retention model, ψ and σ, and the median pore radius rm 
are listed. 

tillage date day θs (m
3
 m

-3
) θr (m

3
 m

-3
) Ks (m d

-1
) ψ (kPa) σ (-) rm (µm)

2008-08-01 1 0.51 0.11 2.29 5.64 1.79 1.07
2008-10-23 84 0.51 0.11 2.78 2.12 1.34 11.76
2008-12-03 125 0.50 0.11 1.56 3.12 1.55 4.38
2009-04-01 244 0.43 0.11 1.00 4.13 1.68 2.13
2009-07-21 355 0.48 0.11 2.18 3.64 1.77 1.79
2008-08-01 1 0.53 0.11 1.14 0.93 1.19 39.11
2008-10-23 84 0.45 0.11 1.56 4.97 1.75 1.40
2008-12-03 125 0.50 0.11 0.33 2.93 1.61 3.83
2009-04-01 244 0.41 0.11 0.23 2.80 1.37 8.23
2009-07-21 355 0.49 0.11 0.68 2.80 1.59 4.27
2008-08-01 1 0.47 0.11 0.61 3.63 1.73 2.09
2008-10-23 84 0.43 0.11 0.12 3.44 1.54 4.04
2008-12-03 125 0.46 0.11 0.05 3.76 1.29 7.56
2009-04-01 244 0.43 0.11 0.10 3.95 1.44 4.77
2009-07-21 355 0.43 0.11 0.11 3.43 1.04 14.61

CT

RT

NT

 
 

Results and discussion  
Evolution of the pore-size distribution 

The evolution of the PSD determined by the infiltration measurements showed distinct differences between the 
applied tillage methods. As proposed by Leij et al. (2002), the PSD at the CT site shifted towards smaller pore 
sizes after mouldboard tillage. Here, the change of the PSD is mostly dominated by the agricultural operation. 
Compared to the other tillage methods, a large total porosity exists, as it is also expressed by the integral of the 
PSD, θs (Table 1). On the other side, the determined PSDs for RT and NT show a smaller shift during time and a 
smaller total porosity. Moreover, the shift of the PSD is slightly towards larger pores. This effect might be 
caused by biological activities, such as earthworm burrows and plant root development (D’Haene et al. 2008).  
 
Water dynamics with constant vs. time-variable hydraulic properties 

The results show distinct differences between the simulations for all methods of tillage. In autumn and winter 
2009, we observed the most obvious differences in the soil water content, whereas in the later part of the 
simulation, these differences decreased. We trace this back to high volumetric water contents in late autumn and 
winter in the upper soil, provided by a low evapotranspiration. This result is in agreement with the findings of 
Daraghmeh et al. (2008). The results of the CT simulations show the effect of ploughing in mid-October 
impressively, as the retention potential decreases shortly after it. Noticeable differences for the other tillage 
methods occur mainly at high precipitation events and may be traced back to an underestimation of biological 
induced macropore-flow in the simulations with constant soil retention properties. 
 

Conclusion and perspective 
As classical simulations of the soil water dynamics do not account for time-variable soil retention properties, we 
implemented a model approach that enables the flexible definition of these important control quantities. The 
implementation of the Kosugi retention model allowed the definition of the soil retention properties strongly 
connected to the PSD of the soil. However, until now we used only empirical fitted functions for the time-
variable retention parameters. Recently, we began work on the adaptation of a suitable PSD-evolution model, as 
proposed by Or et al. (2000). 



© 2010 19th World Congress of Soil Science, Soil Solutions for a Changing World 
1 – 6 August 2010, Brisbane, Australia.  Published on DVD. 

101 

References 
Allen RG, Pereira LS, Raes D, Smith M (1998) ‘Crop evapotranspiration – Guidelines for computing crop water 

requirements’. FAO Irrigation and drainage paper 56, (Food and Agriculture Organization of the United 
Nations: Rome).  

Alletto L, Coquet Y (2009) Temporal and spatial variability of soil bulk density and near-saturated hydraulic 
conductivity under two contrasted tillage management systems. Geoderma 152, 85-94. 

Brooks RH, Corey AT (1964) ‘Hydraulic Properties of Porous Media’. Hydrological Paper 3. (Colorado State 
Univ: Fort Collins, CO). 

Burdine NT (1953) Relative permeability calculation from size distribution data. Transactions of the American 

Institute of Mining and Metallurgical Engineering 198, 71-78. 

Daraghmeh OA, Jensen JR, Petersen CT (2008) Near-Saturated Hydraulic Properties in the Surface Layer of a 
Sandy Loam Soil under Conventional and Reduced Tillage. Soil Science Society of America Journal 72, 
1728-1737. 

D’Haene K, Vermang J, Cornelis WM, Leroy BLM, Schiettecatte W, De Neve S, Gabriels D, Hofman G (2008) 
Reduced tillage effects on physical properties of silt loam soils growing root crops. Soil and Tillage 

Research 99, 279-290. 

Feddes RA, Hoff H, Bruen M, Dawson T, de Rosnay P, Dirmeyer O, Jackson RB, Kabat P, Kleidon A, Lilly A, 
Pitman AJ (2001) Modeling root water uptake in hydrological and climate models. Bulletin of the American 

Meteorological Society 82, 2797-2809. 

Kosugi K (1994) Three-parameter lognormal distribution model for soil water retention. Water Resources 

Research 30, 891-901. 

Leij FJ, Ghezzehei TA, Or D (2002) Modeling the dynamics of the soil pore-size distribution. Soil and Tillage 

Research 64, 61-78. 

Mualem Y (1976) A new model for predicting the hydraulic conductivity of unsaturated porous media. Water 

Resources Research 12, 513-522. 

Mubarak I, Mailhol JC, Angulo-Jaramillo R, Ruelle P, Boivin P, Khaledian M (2009) Temporal variability in 
soil hydraulic properties under drip irrigation. Geoderma 150, 158-165. 

Or D, Leij FJ, Snyder V, Ghezzehei TA (2000) Stochastic model for posttillage soil space evolution. Water 

Resources Research 36, 1641-1652. 

Richards LA (1931) Capillary conduction of liquids through porous mediums. Physics 1, 18-33. 

Roger-Estrade J, Richard G, Dexter AR, Boizard H, de Tourdonnet S, Bertrand M, Caneill J (2009) Integration 
of soil structure variations with time and space into models for crop management. A review. Agronomy for 

Sustainable Development 29, 135-142. 

Šimůnek J, van Genuchten MT, Šejna M (2006) ‘The HYDRUS Software Package for Simulating the Two- and 
Three-Dimensional Movement of Water, Heat, and Multiple Solutes in Variably-Saturated Media. Version 
1.10’. (PC-Progress: Prague). 

Van Genuchten MT (1978) ‘Mass transport in saturated-unsaturated media: one-dimensional solutions’. 
Research Report No. 78-WR-11. (Water Resources Program, Princeton University: Princeton, NJ). 



© 2010 19th World Congress of Soil Science, Soil Solutions for a Changing World 
1 – 6 August 2010, Brisbane, Australia.  Published on DVD. 

102 

The impact of orchard management on macro-pore topology and function 
 
Markus DeurerA, Dimitri GrinevB, Iain YoungC, Brent ClothierA and Karin MüllerD 

 
AProduction Footprints, The NZ Plant & Food Research, Palmerston North, New Zealand, Email Markus.Deurer@plantandfood.co.nz 
BSIMBIOS Centre, University of Abertay, Dundee, Scotland. 
CSchool of Environmental and Rural Science, University of New England, Australia. 
DProduction Footprints, The NZ Plant & Food Research, Ruakura, Hamilton, New Zealand. 
 
 

Abstract 
We analysed the long-term effect of three common orchard management practices on the soil macropore 
structure and function: (1) Grass sward and a regular application of compost in the tree row; (2) Soil compaction 
by tractor wheels in the grassed alleys; (3) Regular application of herbicides in the tree row. We focused on the 
top 50 mm topsoil of the tree row and under the wheel track in the alley of an organic orchard (Practice 1, 2) and 
of the tree row in an adjacent conventional apple orchard (Practice 3). Both orchards had the same age, soil type, 
texture and previous land use. After 12 years the topsoils of the organic orchard had about 30% more soil 
organic carbon (SOC) sequestered than the topsoils in the tree row of the conventional orchard. We quantified 
the macro-pore structure (macro-pores = pores > 0.3 mm) of nine undisturbed soil columns (43 mm long, 20 x 
17 mm in the plane) for each practice using 3D X-ray computed tomography. The macro-porosity under 
Practice 1 was significantly greater, with 7.5 ± 2.1%, than that under Practice 2, with 3.6 ± 1.1% and under 
Practice 3, with 2.4 ± 0.5%. The connectivity of macro-pores tended to be greatest under Practice 1, but this was 
not statistically significant. The macro-pores under Practice 2 had a significantly greater connectivity than under 
Practice 3. We simulated the diffusion through the macro-pores of aggregate-scale segments of the columns. 
The relative diffusion coefficients were similar under Practice 1 and 2, with 0.024 ± 0.008, and 0.015 ± 0.008, 
respectively, and were significantly greater than under Practice 3, with 0.0056 ± 0.0009. We hypothesize that a 
higher relative diffusion coefficient at the aggregate scale (e.g. Practice 1 and 2 versus 3) would lead to a lower 
N2O production and emission in a wet soil. We conclude that soil carbon management in the tree row of apple 
orchards like using grass swards and compost, leads to more macro-pores and a better gas exchange and 
probably less N2O production and emission under wet conditions compared to a tree row that regularly receives 
herbicides. Although the compacted soil under the wheel track had less macropores than in the grassed tree row, 
the gas exchange under wet conditions was still similar. 
 
Key Words 
3D X-ray CT, macro-porosity, connectivity, diffusion, soil carbon management. 
 
Introduction 
Different definitions exist for the size of macro-pores, to distinguish them from other pores. Following others 
we defined macro-pores as pores with a diameter larger than 0.3 mm. Macro-pores are important for several soil 
processes and functions. For example, macro-pores can trigger preferential flow, the fast direct transfer of 
contaminants such as herbicides from the soil surface to the groundwater. The macro-pore structure of the top 
50 mm governs the gas exchange between the soil and the atmosphere under wet conditions. In the case of 
nitrous oxide (N2O), the top 50 mm of the soil additionally were shown to be the most active zone for N2O 
production (Clayton et al. 1994). In most soils N2O is mainly produced as an intermediate product of 
denitrification which is promoted by low O2 concentrations that occur typically in wet soils. Nitrous oxide 
emissions from soils account for 70% of total N2O emissions, which are estimated to be responsible for 
approximately 5% of anticipated global warming. In structured soils under wet conditions, N2O is produced in 
the micro-pores of soil. The O2 concentration around the aggregates is the most important boundary condition 
influencing N2O production within aggregates (Sexstone et al. 1985; Tiedje 1988). Near saturation, only the 
soil’s macro-pores are filled with air, promoting rapid exchange of O2. Atmospheric O2 is exchanged over their 
interfacial areas with adjacent structures. Therefore, while the N2O production happens at the scale of micro-
pores within aggregates, it is regulated by the O2 exchange processes at the scale of the soil’s macro-pore 
network. Consequently, a difference in macro-porosities will modify the gas exchange between the soil and the 
atmosphere. For example, increasing the macro-porosity of wet soils results in greater rates of O2 exchange with 
the atmosphere, and as a consequence the production and, therefore, the emission of N2O may be reduced. 
Several field experiments have reported reduced N2O emissions from soils containing comparably larger macro-
porosities. We hypothesize that the emission of N2O from soils is an environmental risk that, inter alia, depends 
on the soil’s macro-pore structure. 
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We compared the soil’s macro-pore structures and function of the top five centimetres of soil subject to three 
different orchard management practices. We addressed two questions: 1) Are the soil’s macro-pore structures 
under three different orchard management practices significantly different? 2) Is the gas exchange around 
aggregates under wet conditions significantly different under the three different management practices?  
 
Methods 
Study sites 

We selected a pair of soils under apple orchards in Hawke’s Bay (North Island of New Zealand). The topsoils 
are of alluvial origin, and have a silt loam texture. One of the sites contained the grassed tree rows and alleys of 
an organic orchard (Practice 1 and 2) and the other site had the herbicided tree rows of a neighbouring 
integrated apple production system (Practice 3). Both orchard systems are 12 years old. Green-waste compost 
has been applied to the topsoil of the tree rows of the organic system once a year at a rate of 5 to 10 t ha-1. A 
0.5-m wide strip under the trees has been kept vegetation-free by regular herbicide applications in the integrated 
system.  
 
Analysis of the soil’s 3D macropore structure 

1.  Sample selection and preparation:  We took three undisturbed columns (70 mm diameter, 100 mm length) 
from each of the tree orchard management practices. The top of the columns were level with the soil surface and 
the main axis of the columns was perpendicular to the soil surface. Prior to the X-ray imaging we carefully cut 
each soil column into four sub-columns of equal dimensions. Three out of the four sub-columns of each column 
were randomly selected for X-ray imaging.  
 
2.  Three-dimensional X-ray Computed Tomography:  For X-ray tomography imaging we used a Metris X-tek 
Benchtop CT system (Metris X-tek Systems Ltd., Hertfordshire, United Kingdom) at SIMBIOS Centre of the 
University of Abertay (Dundee, Scotland) with the 160 kV X-ray source and a 12-bit CCD camera. The three-
dimensional images of attenuation coefficients with the isotropic voxel size of 86 µm were translated into a 
continuous stack of two-dimensional 8-bit TIFF images using the software VGStudio MAX 1.2.1 (Volume 
Graphics GmbH, Heidelberg, Germany). Each image slice of the stack had the thickness of 86 µm and an in-
plane resolution of 86 x 86 µm.   
 
3.  Digital image processing and analysis: We conducted the digital image processing and analysis using the 
public domain software ImageJ (developed by W. Rasband at the National Institute of Health, USA; 
http://rsb.info.nih.gov/ij/), the soil-specific package of plugins for ImageJ, SCAMP, that was developed by 
SIMBIOS (University of Abertay, Dundee, Scotland), and a package of C-functions for image analysis 
QuantIM, Version 4 (Vogel 2008). We visualized the three-dimensional macro-pore structures with the software 
OpenDX (open source software version of IBM’s Visualization Data Explorer; 
http://www.opendx.org/index2.php).  
 
The image processing and analysis consisted of four steps. Firstly, we cropped the three-dimensional image data 
set of each sub-column to a length of 43 mm and a dimension of 20 x 17 mm in the plane. Secondly, we 
transformed the stack of 8-bit TIFF slices to a stack of binary images (black = pore space; white = solid phase) 
using a bi-level segmentation algorithm. Next, we removed all pores smaller than 344 µm in diameter from the 
binary images, limiting our analysis to macro-pores larger than 0.34 mm. Finally, we quantified the macro-pore 
volume density (i.e. macro-porosity) and the three-dimensional connectivity of macro-pores. The latter was 
quantified with the volumetric Euler-Poincaré characteristic for pores with a minimum pore diameter of 0.3 mm. 
The higher the value of the volumetric Euler-Poincaré characteristic the smaller is the connectivity of the 
respective pore system. For convenience we use the term ‘Euler number’ to denote the value of the volumetric 
Euler-Poincaré characteristic.  
 
Simulation of gas diffusion through a soil’s macro-pore network 

We simulated the gas diffusion through segments of the three-dimensional macro-pore network and derived gas 
diffusion coefficients for the measured macro-pore structures. The segments were 4.3 mm long and had the 
dimension of 20 x 17 mm in the plane.  Our objective was to analyze the gas diffusion in the macro-pores 
around soil aggregates. The mean weighted diameter (MWD) of water-stable aggregates in the 0-0.1 m depth of 
the tree rows of the organic and integrated orchard system was 1.8 mm and 1.3 mm, respectively (Deurer et al. 
2008). Therefore, the 4.3 mm length of each segment was at least twice the MWD of the aggregates of the 
orchard soils, and we assume represented the relevant dimensions of gas exchange around aggregates. The 
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package QuantIM (Vogel 2008) contains an algorithm for simulating gas diffusion through a continuous stack 
of two-dimensional binary images.  For the simulation we assumed the following set of initial and boundary 
conditions. At the top of the segment the concentration was fixed to a constant value while the concentration at 
the bottom of the segment was set to zero throughout the simulation. The initial concentration within the pore 
space of the segment was set to zero. The vertical boundaries of the segment were assumed to be impermeable 
to gas. Once the gas flow at the bottom of the sample reached an asymptotic state, the relative apparent diffusion 
coefficient Dr [-] was calculated by relating the simulated asymptotic diffusive flow through the macro-pore 
space at the bottom of the segment to the diffusive flow through the same segment that now consisted only of 
free air (= 100% porosity).  
 
Results 
We analysed how different orchard management practices impact on the macro-pore structure of topsoils. The 
Practice 1 of using a grass sward and the regular application of compost represents a typical soil carbon 
management that is known to increase both soil carbon sequestration and soil health and is used in organic 
orchard systems (Deurer et al. 2008). The Practice 2 represents the typical impact of soil compaction by long-
term tractor traffic in a grassed alley that occurs both in organic and integrated orchard systems. The Practice 3 
represents the lack of any soil carbon management as is typical for the tree rows of most integrated apple 
orchard systems.  We reconstructed the detailed macro-pore networks in three dimensions with X-ray CT 
(Figure 1). Under Practice 1, with 7.5 ± 2.1 Vol.%, the macro-porosity was significantly (P < 0.05) higher than 
under Practice 2 with 3.6  ± 1.1 Vol.%, and under Practice 3 with 2.4 ± 0.5 Vol.% (Table 1). Other studies with 
a similar definition of macro-pores reported similar macro-porosities ranging from 1.3 to 14 Vol.% for fine-
textured top-soils under arable or pastoral land use.  The connectivity tended to be highest under Practice 1 
(Table 1). However, this was not statistically significant as the variability of the Euler number under Practice 1 
was extremely high (Table 1).  Practice 2 limited macro-porosity less than did Practice 3 (Table 1). Our range of 
Euler numbers for pores with a diameter larger 0.3 mm agreed well with other comparable studies. 
 

 
Figure 1. Examples of macro-pore networks in the top 50 mm of soil in the tree rows of two apple orchard systems 

in Hawke’s Bay, New Zealand. The gray coloured areas are macro-pores. The three x-y planes are shown to mark 
the top, centre and bottom of the sample. Left: Macro-pore network of the herbicided tree row of the integrated 

orchard system (Practice 3). The macro-porosity is 2.9 Vol.%. Right: Macro-pore network of the grassed tree row of 

the organic orchard system (Practice 1). The macro-porosity is 8.3 Vol.%. 
 

From our gas exchange simulations around the aggregates for wet conditions we found that the relative 
diffusion coefficients were similar under Practice 1 and 2, with 0.024 ± 0.008, and 0.015 ± 0.008, respectively, 
and were significantly higher than under Practice 3, with 0.0056 ± 0.0009 (Table 1). We suggest that the larger 
relative diffusion coefficients in the soils of the organic orchard (Practices 1 and 2) indicate less favourable 
physical conditions for N2O production and emission. Therefore, this indicates that soil C management as 
Practice 1 possibly combats climate change in two ways. It firstly leads to C sequestration, and secondly might 
also contribute indirectly to a reduction in N2O emissions.  
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Table 1. Macropore structure and function as consequence of three different apple orchard management practices. 

Practice 1: Using a grass sward and the regular application of compost in the tree row. Practice 2: Soil compaction 

by the tractor wheels in the grassed alley. Practice 3: Regular application of herbicides in the tree row. The values 

represent the means of three soil columns with the standard deviation of the mean in brackets. 

Property Practice 1 Practice 2 Practice 3 
Macro-porosity [Vol.%] 7.5 (2.1) 3.6 (1.1) 2.4 (0.5) 
Euler number [/mm3] 6.6 x 10-3 (2.9 x 10-2) 6.3 x 10-3 (3.3 x 10-3) 2.0 x 10-2 (4.8 x 10-3) 
Relative diffusion  
coefficient [-] 

2.4 x 10-2 (7.9 x 10-3) 1.5 x 10-2 (7.9 x 10-3) 5.6 x 10-3 (9 x 10-4) 

 
Several studies have stressed that diffusive gas exchange in soils depends on both the porosity and the 
connectivity of the gas-filled pore space, especially at the wetter end of the soil water content range (Tuli and 
Hopmans 2004; Weerts et al. 2001). In a multiple regression, 76% of the variability of the aggregate scale 
relative diffusion coefficient in the soil under Practice 3 was explained with macro-porosity and the Euler 
number as the significant variables. However, in the regression for the soil under Practice 1 and 2 only the 
macro-porosity was a significant variable and explained 71% and 83% of the variability respectively.  
 
Conclusions 
We studied how three different orchard management practices affected the soil macro-pore structure and the 
near-surface gas exchange under wet conditions. We found that all three orchard management practices had an 
impact on soil macro-pore structure and function of the top 50 mm of soil. We conclude that soil carbon 
management in the tree row like using grass swards and compost (Practice 1) leads to more macro-pores and a 
better gas exchange under wet conditions and probably less N2O production and emission compared to a tree 
row that regularly receives herbicides (Practice 3). Although the compacted soil under the wheel track (Practice 
2) had less macropores than in the grassed tree row, the gas exchange under wet conditions was still similar. 
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Abstract 
Wet aggregate stability determined by immersion wet sieving is commonly used as a measure of the stability of 
soil aggregates. Over the years different researchers have used a variety of methods with a wide range of sieve 
sizes, amplitudes, cycles, sieving times and pre-drying methods. The most common drying measurement prior 
to sieving is air drying but the soil water content after drying is generally not stated and often not determined.  
This water content can vary depending on soil texture, clay mineralogy and the air temperature at drying. This 
experiment studied the impact of soil water content following drying at different temperatures prior to wet 
sieving, and on the temperature of the sieving water, on the mean weight diameter (MWD) results obtained for 
three different soil types. The drying temperature affected the resulting soil water content particularly for the 
high clay soils and this also influenced the MWD results, with the lower drying temperature and higher soil 
water content resulting in a greater MWD in the soils with higher clay contents.  The soil with the highest clay 
content and predominantly montmorillinite clay mineralogy had a MWD following drying at 15oC more than 
five times greater than its MWD after drying at 25oC. The results for the sandy loam soil were not significantly 
different as there was little difference in the soil water content across the range of drying temperatures. The 
temperature of the sieving water also significantly affected the MWD results for all soils with different soil 
types being affected differently.  This is likely to be because of the different solubilities of binding agents within 
the soils. MWD results can vary significantly unless drying temperatures and the temperature of the water 
during sieving are standardized. The choice of conditions can significantly bias results. 
 
Key Words 
Wet sieving, Soil drying temperature, water sieving temperature 
 
Introduction 
Maintenance of a high aggregate stability in soils is desirable for sustainable land use as it is essential for the 
preservation of agricultural production, minimizing soil erosion and degradation and reducing environmental 
pollution (Amezketa 1999). Aggregation of soil particles will result in conditions that are favorable for plant 
growth and soil microbial and faunal activity (Whitbread 1995), while good soil structure is the most important 
soil characteristic for sustaining agricultural productivity and retaining environmental quality (Amezketa 1999). 
Wet aggregate stability determined by immersion wet sieving has been used by numerous researchers over 
many years as a measure of the stability of soil aggregates (Yoder 1936; Zotarelli et al. 2005; Blair et al. 2006a, 
b; N’Dayegamiye 2006; Goverts et al. 2007; Wagner et al. 2007; Dimoyiannis 2009). The mean weight 
diameter (MWD) is commonly used to express aggregate stability as it determines the size distribution of 
aggregates and is essentially a measure of macro-aggregate stability as the aggregates that remained on each 
sieve must be stable to the wetting and sieving processes (Amezketa 1999).   
 
The measurement of wet aggregate stability by immersion wet sieving has been characterized by the variability 
in methods used with a wide range of sieve sizes, amplitudes, cycles, sieving time and pre drying methods.  The 
soil is commonly air dried prior to measurement but the moisture content of the soils prior to sieving is 
generally not stated and often not determined, but it is likely that it can have a large influence on the results 
obtained. This can be of particular relevance when determining the seasonal aggregate stability of soils or when 
comparing aggregate stability over time, where the temperature in the drying area may vary widely.  The 
temperature of the water used for the sieving process may also vary and it is possible for this to also effect 
results obtained. This experiment was carried out to determine the effect of soil water content over a range of 
soil drying temperatures and water temperature used for sieving on the aggregate stability of three different soil 
types. 
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Methods 
Soils 

Three contrasting soils that had been collected for other experiments were used for this trial. They were a Red 
Clay (RC) (Chromic Vertisol; FAO 1990) soil (Blair et al. 2006b), a Black Earth (BE) (Pellic Vertisol; FAO 
1990) soil (Blair et al. 2006b) and a Sandy Loam (SL) (Chromic Luvisol; FAO 1990) soil (Blair 2000). The Red 
Clay soil contained 320 g/kg sand, 220 g/kg silt and 460 g/kg clay, while the Black Earth soil had 290 g/kg 
sand, 170 g/kg silt and 540 g/kg clay and the Sandy Loam contained 570 g/kg sand, 240 g/kg silt and 180 g/kg 
clay (International system).  The clay minerals in the Red Clay consisted of predominantly quartz and kaolinite, 
with some illite and a small amount of montmorillonite. By contrast the Black Earth contained predominantly 
montmorillonite with small amounts of quartz, kaolinite and illite. The clay mineralogy of the Sandy Loam was 
predominantly kaolinite, quartz and illite with a small amount of halloysite.  
  
Soil water content wet sieving experiment 

The three different soils were wet by misting to 75% of their field capacity and then incubated in the laboratory 
in sealed plastic bags for seven days to ensure moisture equilibrium was reached.  Each soil was then divided 
into six sub-samples and gently broken down using fingers before each sub-sample was dried in fan forced 
incubators at six different temperatures, 15oC, 20oC, 25oC, 30oC, 35oC and 40oC to simulate air-drying at 
different temperatures. Following drying, the soil samples were broken down to pass through a 4 mm sieve.  To 
achieve this, the soil was gently rolled on a board that had 4 mm high ridges on the sides to maintain a gap 
between the board and the roller.  This prevented total disruption of the sample and ensured that each soil 
sample received a similar energy input.  Soil water content was determined for each sub-sample at each drying 
temperature. Three replicates of each soil from each drying temperature were then wet sieved as per the method 
below. 
 
Water sieving temperature experiment 

Soil that had been prepared as for the soil water content experiment and dried at 25oC was used for this 
experiment. The soil was wet sieved, as per the method below, in water at five different temperatures 15oC, 
20oC, 25oC, 29oC and 36oC.  The water was equilibrated for each temperature in an incubator for 48 hours prior 
to sieving and three replicates of each soil were sieved at each water temperature. Water temperature was 
measured immediately prior to commencing sieving. 
 
Wet sieving 

A modification of the Yoder wet sieving procedure (Whitbread 1996) was used to determine wet aggregate 
stability. A set of five 100 mm diameter sieves of 2000, 1000, 500, 250, 125 µm size screens was used. A 
further 125 µm sieve was used for a lid.  The 30 g sample of the soil (<4 mm) was placed onto the top sieve and 
immersed in distilled water at approximately 25oC (or as stated for the water temperature experiment) for 30 sec 
before being sieved for 10 min through an amplitude of 17 mm at 34 cycles/min.  Following sieving, the sieves 
were drained and the soil dried at 40oC for 24 h prior to weighing.  Soil weights for soil dried at less than 40oC 
were corrected for water content before calculations were made. Mean weight diameter (MWD) was calculated 
for each soil by the formula: 

MWD = ∑
=

n

i

ii wx
1

 

where ix  is the mean diameter of any particular size range of aggregates separated by sieving, and iw is the 

weight of aggregates in that size range as a fraction of the total dry weight of soil used.   
 
Results 
Soil water content wet sieving experiment 

The Black Earth soil had the widest range in soil water content for the different drying temperatures while the 
Sandy Loam soil showed the lowest range (Table 1). The water contents of the three different soils at each 
drying temperature are shown in Table 1. The relative MWD was calculated by dividing the MWD at any given 
drying temperature by the MWD result for the 25oC drying temperature for each individual soil.  This was then 
converted to a percentage. There was no significant difference between any of the MWD’s for the Sandy Loam 
soil, while for the Red Clay soil, the MWD at the water content when dried at 15oC was significantly different 
from all other water contents (Table 1). However the Black Earth soil showed a wide range in MWD over the 
different water contents, with significant differences between drying at 15oC, 20oC and 25oC but no difference 
between the MWD results for the three lowest water contents following drying at the three higher temperatures 
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(Table 1).  When calculating the MWD following wet sieving it is necessary to correct the soil weights to the 
moisture content of the drying temperature used to dry the samples following wet sieving, particularly for soils 
with high clay contents.   For the Black Earth soil dried at 15oC the MWD for the corrected (for drying at 40oC) 
and uncorrected value ranged from 1.437 mm to 1.327 mm, respectively, while after drying at 20oC it ranged 
from 0.536 mm to 0.512 mm, respectively. 
 
Table 1.  The soil water content (WC) (%) and the relative mean weight diameter (Rel. MWD) expressed as a 

percentage of that at 25oC for each soil at each drying temperature. 

 Sandy Loam Red Clay Black Earth 
Drying Temp. (oC) WC (%) Rel. MWD WC (%) Rel. MWD WC (%) Rel. MWD 
15 1.8 106a1 6.1 111a 14.6 566a 
20 1.7 98a 5.5 102b 9.4 206b 
25 1.3 100a 3.5 100b 5.7 100c 
30 1.3 101a 2.3 99b 5.0 79d 
35 1.1 101a 2.0 98b 4.7 78d 
40 1.0 100a 2.0 94b 4.2 66d 

1 Numbers in the same column followed by the same letter are not significantly different according to Duncan’s MRT. 
 
Water sieving temperature experiment 

The relative MWD was calculated by dividing the MWD at any given water temperature by the MWD result for 
the 25oC water temperature for each individual soil.  This was then converted to a percentage. The only 
significant difference for the Sandy Loam soil was for the water temperature at 36oC which was significantly 
lower than all other temperatures (Table 2). The Red Clay soil showed a significant difference in relative MWD 
between 15oC, 20oC and 25oC but there was no difference between the results for the three highest water 
temperatures (Table 2). For the Black Earth soil, a significant difference was shown between the relative MWD 
for the two lower water temperatures and the three higher water temperatures while the relative MWD at 25oC 
water temperature was significantly higher than that at a water temperature of 36oC (Table 2). 
 
Table 2.  Relative mean weight diameter (MWD) expressed as a percentage of that at 25oC for the different water 

temperatures used for wet sieving for the three different soil types. 

Soil 15oC 20oC 25oC 29oC 36oC 
Sandy Loam 103a1 101a 100a 101a 89b 
Red Clay 124a 112b 100c 99c 98c 
Black Earth 110a 111a 100b 98bc 91c 

1 Numbers in the same row followed by the same letter are not significantly different according to Duncan’s MRT. 
 

Conclusion 
When comparing different soil samples for aggregate stability using the immersion wet sieving method it is 
essential that soils are dried at the same temperature.  This is particularly necessary when collecting soil samples 
at different times of the year when temperatures in drying areas may vary significantly.  It should also be 
ensured that corrections for soil water content are made when the drying temperature of the soil sample differs 
from the drying temperature of the sieved samples.  The high clay content soils exhibited the greatest 
differences under these conditions. The clay types are also likely to be influencing the results with the soil 
containing predominantly montmorillonite clay showing the greatest differences.  
When determining aggregate stability using the immersion wet sieving method, water temperature should be 
monitored as differences in water temperature can significantly influence the results obtained.  Different soil 
types are affected in different ways and this is likely to be influenced by the solubility of the various binding 
agents found in the different soil types. The MWD results can vary significantly unless soil drying temperatures 
and the temperature of the sieving water are standardized.  The choice of conditions used can significantly bias 
the results. 
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Abstract 
One of the major inputs driving the formation of soil structure is exudation from plant roots.  We used 
approaches from rheology to test the hypothesis that root exudates initially disperse soil, thus easing root 
penetration and releasing nutrients, followed by gelling (i.e. aggregation) if the compounds are transformed by 
soil microbes.  Soils were amended with 0, 1.5 and 15 mg/g soil of root-exudate compounds consisting of a mix 
of sugars, amino acids and organic acids and incubated for 13 days at either 2ºC, to reduce microbial action, or 
16ºC.  Incubation at 2ºC significantly suppressed respiration rates compared to 16ºC, suggesting microbial 
processes were impaired.  A parallel plate rheometer was used to quantify the rheological behaviour of the 
incubated soils amended with root-exudate compounds.  The drop in flow point (stress where breakdown 
occurs) at 2ºC incubation and rise in flow point at 16ºC incubation suggests dispersion by the root exudates 
followed by gelling if root exudates are transformed by microbes. 
 
Key Words 
Rhizosphere, rheology, root-exudates, microbiology, aggregation 
 
Introduction 
Plant root exudates and their mineralization by soil microbes drive the formation of the distinct structural zone 
around roots termed the rhizosphere (McCully 1999).  The rhizosphere has enhanced particle aggregation, 
microbial biomass and water retention compared to bulk soil, which is critical to the functioning of plants as 
these processes impact fluxes of nutrients, water and oxygen (Hinsinger et al. 2009).  Our research is examining 
how root exudates and their transformation by soil microbes influence the rheological behaviour of wet soil.  
Rheology is the study of the flow of matter and it should help quantify the underlying processes driving soil 
structure formation and stabilisation. We hypothesise that root exudates initially disperse soil, thus easing root 
penetration and releasing nutrients.  Soil microbes then transform exudates into biological glues that gel soil.  
To test this hypothesis we measured the rheological behaviour of soils equilibrated to a range of water contents 
and amended with root-exudate compounds.  Incubations of the soil at 2ºC and 16ºC were used to control 
microbial activity. 
 
Methods 
In this preliminary paper we report data from one soil, but data on more soils will be collected before the World 
Congress of Soil Science 2010.  A Eutric Cambisol derived from undifferentiated sandstone, with 71% sand, 
19% silt and 10% clay, pH (H2O) 6.2, 1.9% C and 0.07% N was sampled from 0-100 mm depth.  It was from 
Bullion Field, situated at the Scottish Crop Research Institute, Dundee.  The soil was air-dried and then passed 
through a 400 µm sieve. 
 
Soil was first pluviated dry into 3 rings and then water retention at 0, -5, -10, -20 and -50 kPa potentials was 
measured on a tension table.  From these data we selected a water content of 0.43 g/g because it occurred at a 
water potential (-10kPa) and water filled pore space (75%) that would minimise water and aeration stresses to 
microbes. 
 
Larger air-dry soil samples of 600 g were then wet to 0.23 g/g1 using a fine mist and incubated at 16ºC for 2 
weeks to allow the microbial community to re-establish and to mineralise carbon released from drying.  The 
sample was then divided into three and amended with 0, 1.5 or 15 mg C/g soil of root-exudate compounds.  The 
compounds were a mix of sugars, amino acids and organic acids that are found in natural root exudates 
(Paterson et al. 2007).  Soil subsamples were further subdivided and then sealed in 1 litre Kilner jars fitted with 
a Suba-seal in the lid to allow gas sampling.  Three replicates of each amendment rate were incubated at 16ºC, 
which is the typical local soil temperature in summer, and another three replicates at 2ºC to suppress microbial 
activity.  The jars were vented regularly and carbon dioxide measured in the headspace on days 1, 3, 7, 10 and 
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13 with a syringe sample injected into a gas chromatograph.  After 13 days incubation, the soil from each jar 
was divided into subsamples to measure rheology and microbial properties.  Only respiration and rheological 
data will be presented here. 
 
The rheology subsamples were subdivided and wet to water contents ranging from no added water (stiff, 
aggregated soil) to a flowing liquid.  The samples were mixed thoroughly and placed in a sealed bag for 24 h at 
2°C to improve equilibration and minimize biological activity.  A Haake MARS Parallel Plate Rotational 
Rheometer (Thermo Scientific, Waltham, MA, USA) using 35 mm diameter serrated stainless steel plates and a 
2 mm gap setting provided measurements of rheological behaviour.  Samples less than 10 g were needed. A 
stress controlled amplitude sweep test with an oscillation frequency of 50Hz and stress ramp from 0.1 to 104 Pa 
was used.  Data on zero-shear viscosity and flow-point were used to describe rheological behaviour.  Zero-shear 
viscosity is the resistance to flow of an unstressed material.  With increasing stress, shear-thinning decreases the 
viscosity of materials like soil until structural collapse occurs at the flow-point.  Soil water content was 
measured for each sample tested in the rheometer. 
 
The viscosity and flow point were plotted against water content for all experimental treatments. Linear 
regression with groups was used to assess differences between treatments following a log-log transformation.  
Analysis of variance was used to assess differences in respiration rates between treatments. 
 
Results and Discussion 
The amount of added root-exudate compounds and incubation temperature had significant effects on soil 
respiration (P<0.001; Figure 1).  Incubation at 2ºC resulted in about 3% of the respiration at 16ºC for the largest 
amendment rate.  From these results, the microbial transformation of root-exudate compounds at 2ºC was only a 
small fraction of the total, leaving most of the root-exudate compounds in their original form.  The impact of the 
root-exudate compounds alone can thus be taken as the 2ºC results and microbially transformed root-exudate 
compounds as the 16ºC results.  For the 15 mg/g amendment rate, root-exudate compounds caused a large 
reduction in Flow Point at 2ºC and a large increase at 16ºC (P<0.001).  This suggests that root-exudates cause 
dispersion followed by gelling once the compounds are transformed by soil microbes. These data are different 
from Barré and Hallett (2009), who found the model root exudate polygalacturonic acid gelled soils, but this is 
likely due to the different chemical properties of the exudates.  They also found that a fungal exudate gelled soil, 
which corresponds with our results. 
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Figure 3.  Respiration rate for soils amended with 0 (circle), 1.5 (triangle) and 15 (square) mg/g soil of root-exudate 

compounds incubated at 2ºC (hollow) and 16ºC (solid). 
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Figure 4.  Flow Point for soils amended with 0 (circle), 1.5 (triangle) and 15 (square) mg/g soil of root-exudate 
compounds incubated at 2ºC (hollow) and 16ºC (solid). 

 
The added root-exudate corresponds to daily (1.5 mg/g soil) and total (15 mg/g soil) amounts that would be 
expected from a growing root (Paterson et al. 2007).  Moreover, the complexity of the compounds provides a 
realistic surrogate for real root-exudates that are very difficult to collect in the volumes required for mechanical 
testing.  However, future research will collect rhizosphere soil and attempt to harvest real root exudates to test 
whether similar effects are found.  Barré and Hallett (2009) found the impact of exudates on rheology was 
dependent on clay mineralogy and soil texture, and Tarchitzky and Chen (2002) showed the rheology of dilute 
soil suspensions was pH dependent, so both will be tested using exudates and soil water contents more typical of 
natural conditions. 
 
Conclusion 
We have demonstrated that root exudates initially disperse soil followed by gelling once transformed by soil 
microbes. Quantification of the underlying mechanical process using rheology provides data that will be useful 
in understanding and modeling the development of rhizosphere soil structure.  The initial dispersion by root-
exudate compounds may lead to particle reorientation that eases root penetration, releases previously 
inaccessible nutrients and the formation of new aggregates.  Microbial transfromation of root-exudate 
compounds gels soils, which along with accentuated cycles of wetting drying at the root-soil interface, forms the 
very stable and structurally distinct zone of soil termed the rhizosphere. 
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Abstract 
We evaluated the effects of conventional (CT) and strip (ST) tillage practices on bulk density (ρb), water content 
(θw), infiltration rate (Ir) and hydraulic conductivity (Ks) in a Lihen sandy loam soil. Soil cores were collected 
during growing season from each plot at 0 to 10 and 10 to 30 cm depths under each tillage practice to measure 
ρb and θw. In-situ Ir and Ks measurements were determined using a pressure ring infiltrometer (PI) and a constant 
head well permeameter (CHWP) at the soil surface and 10–30 cm depths, respectively. Soil ρb and θw did not 
differ significantly between CT and ST in both years with the exception of ρb in 2007. The log-transformed Ir 
was significantly affected by tillage at P≤ 0.1 in 2007 while Ir did not differ significantly between CT and ST 
practices in 2008. The effects of tillage on soil Ks were significant in 2007 and 2008 at P≤ 0.05 and at P≤ 0.1, 
respectively. The Ks values were 68% and 56% greater for ST than for CT in 2007 and 2008, respectively. It 
was concluded that the CT operations increased soil compaction, which consequently altered ρb, thereby 
reducing Ks in the soil.  
 
Key Words  
Tillage, bulk density, infiltration, hydraulic conductivity, soil compaction 
 
Introduction 
Tillage is one of the most influential management practices affecting soil physical and hydraulic characteristics 
(Lal and Shulka 2004). Strip tillage (ST) was performed using a single operation with special equipment that 
provided alternating 30-cm wide strips of tilled and untilled soil while conventional tillage (CT) consisted of six 
to seven separate operations using different tillage implements following the harvest of one crop in preparation 
for the next crop. 
 
Two of the most commonly measured soil physical properties affecting hydraulic conductivity are the soil bulk 
density and effective porosity as these two properties are also fundamental to soil compaction and related 
agricultural management issues (Strudley et al. 2008). 
 
Saturated hydraulic conductivity is considered one of the most important parameters for water flow and 
chemical transport phenomena in soils (Reynolds and Elrick 2002). As little research has been reported 
regarding the effect of strip tillage on soil physical and hydraulic properties the objective of this study was to 
evaluate the effects of conventional (CT) and strip (ST) tillage practices on bulk density (ρb), gravimetric water 
content (θw), final infiltration rate (Ir), and saturated hydraulic conductivity (Ks) in a sandy loam soil of the 
Mon-Dak region (north eastern Montana and north western north Dakota), USA. 
 

Materials and methods  
The research site was located at the Nesson Valley Mon-Dak Irrigation Research and Development Project 
approximately 37 km east of Williston, ND (48.1640 N, 103.0986 W). The soil is mapped as Lihen sandy loam 
(sandy, mixed, frigid Entic Haplustoll) consisting of very deep, somewhat excessively or well drained, nearly 
level soil that formed in sandy alluvium, glacio-fluvial, and eolian deposits in places over till or sedimentary 
bedrock. Particle size distribution analysis indicated the textural class of the surface horizon (0 to 30 cm) to be 
consistently within the sandy loam classification. The amount of sand, silt, and clay in the soil at 0 to 30 cm 
depth ranged from 640 to 674, 176 to 184, and 150 to 166 g kg-1, respectively. 
 
The experimental design at the Nesson site was a randomized complete block design with six replications. 
Treatments consisted of two crop rotations (sugarbeet/potato [Solanum tuberosum L.]/malting barley [Hordeum 

vulgare L.] and sugarbeet/malting barley/potato), two tillage practices (conventional and strip) under sugarbeet 
using a linear-move overhead sprinkler irrigation system. The CT plots were tilled just prior to planting in the 
spring of 2007 and 2008, while the ST operation was completed 9/07/2006 and 9/20/2007 for the 2007 and 
2008, respectively. 



© 2010 19th World Congress of Soil Science, Soil Solutions for a Changing World 
1 – 6 August 2010, Brisbane, Australia.  Published on DVD. 

114 

Soil Ir and Ks measurements were made approximately 1 m apart in the center of crop rows within CT and ST 
sugarbeet plots in July 17–20, 2007 and July 9–12, 2008.  
 

Using a soil core sampler, we collected undisturbed soil cylindrical core samples (5 cm long × 5 cm in diameter) 
from each plot at 0–10 and 10–30 cm depths under each tillage system. Soil cores were used to measure bulk 
density (ρb) as mass of oven dried soil per volume of core (Mg m-3) and gravimetric water content (θw) as mass 
of water in the soil sample per mass of the oven dried soil (kg kg-1). Each measurement was replicated four and 
eight times at 0 to 10 and 10 to 30 cm depths, respectively. 
 
Soil Ir measurements were determined using the single head pressure ring infiltrometer method, PI (Reynolds 
and Elrick 2002). The PI consists of a Mariotte-type reservoir, similar to that of the constant head well 
permeameter (CHWP), sealed to a stainless steel ring with a radius of 10 cm, driven to a depth of 5 cm into the 
soil surface (Reynolds and Elrick 2002).  
 
In-situ Ks (L T−1) using a steady state flow rate of water from a cylindrical borehole augured to a given depth 
below the soil surface was measured using a CHWP (Reynolds and Elrick 2002).  
 
Soil Ir and Ks measurements were replicated four and eight times, respectively, in each year.  
 
Results and discussion  
Soil ρb and θw did not significantly differ between CT and ST in both years with the exception of ρb in 2007, 
which was significantly affected by tillage treatment at P ≤ 0.05 (Table 1). Soil ρb was numerically greater in 
CT plots than in ST plots in both years, suggesting that the CT operations increased soil compaction due to 
frequent traffic passes induced by this tillage system. Nevertheless, ST is perceived as having greater porosity 
and wetter soil conditions compared with CT (Licht and Al-Kaisi 2005). Elimination of secondary tillage and 
more limited vehicular traffic in ST plots probably contributed to decreased ρb compared to CT plots as the ST 
system includes only a single in-row soil disturbance event that decreases soil ρb and conserves water to a 
greater degree than the CT system (Licht and Al-Kaisi 2005).  
 
The log-transformed Ir and Ks under both CT and ST tillage systems in 2007 and 2008 are illustrated in Figures 
1 and 2, respectively. Data indicated that Ir was significantly affected by tillage at P < 0.1 in 2007 while Ir did 
not differ significantly between CT and ST practices in 2008 (Figure 2). Although variations in Ir between CT 
and ST practices existed in both years, these variations were not significant at P < 0.05 (Figures 1 and 2). 
However, the similarity in Ir between CT and ST at the surface suggests that the CT and ST tillage systems are 
similar in terms of soil disturbance at this depth.  
 
Table 1.  Effect of tillage on soil bulk density (ρb) and gravimetric water content (θw) averaged across two depths (0–

10 and 10 - 30 cm) for conventional (CT) and strip (ST) tillage practices.  

Year 
 

Tillage ρb  
(Mg m-3) 

θw 
(m3 m-3) 

2007 CT 1.60a† 0.0734a 
 ST 1.52b 0.0803a 
  Analysis of Variance, P > F 
  0.038 0.271 
     

2008 CT 1.55a 0.0922a 
 ST 1.52a 0.0948a 
  Analysis of Variance, P > F 
  0.184 0.592 

†Means followed by the same letter are not different at the 0.05 probability level (P ≤ 0.05).  
 
The effects of tillage on soil Ks were significant in 2007 and 2008 at P < 0.05 and at P < 0.1, respectively 
(Figures 1 and 2). The Ks values were 68% and 56% greater for ST than for CT in 2007 and 2008, respectively. 
Results in Table 1 and Figures 1 and 2 showed that Ks increases as the ρb decreases and soil total porosity 
increases, indicating that soil compaction influences Ks measurements at the 10–30 cm depth. Overall, these 
findings agree with results reported by Jabro et al. (2009) who found that greater Ks values correspond with 
lower soil bulk density values at the subsurface depths.  
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Figure 1.  In-situ infiltration rate (Ir) as affected by conventional tillage (CT) and strip tillage (ST) practices in 2007 
and 2008. An ‘*’ signifies that a difference is significant at the 0.1 probability level. 

 
The results of this study suggest that the CT operations increased soil compaction, which consequently altered 
soil ρb, thereby reducing Ks (Table 1, Figures 1 and 2).. The compacted soil and higher ρb in CT rows was likely 
responsible for the lower Ks values compared with ST plots in both years. Moreover, the ST system likely 
produced a greater volume of macropores (Wienhold and Tanaka 2000; Lipiec et al. 2005) resulting in more 
pronounced vertical pore connectivity in ST plots than in CT plots. 
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Figure 2. In situ saturated hydraulic conductivity (Ks) as affected by conventional tillage (CT) and strip tillage (ST) 

practices in 2007 and 2008. Different letters indicate that means are significantly different at the 0.05 probability 

level. An ‘*’ signifies that a difference is significant at the 0.1 probability level. 

 
Conclusions 
It was concluded that soil ρb and θw did not significantly differ between CT and ST in both years with the 
exception of ρb in 2007. Soil ρb was numerically lower in ST plots than in CT plots while θw were greater for ST 
than for CT in both years. Soil Ir was significantly affected by tillage at P < 0.1 in 2007 while Ir did not differ 
significantly between CT and ST practices in 2008. The effects of tillage on soil Ks were significant in 2007 and 
2008 at P < 0.05 and at P < 0.1, respectively. The Ir and Ks values were greater in ST plots than CT plots in both 
years. The variation in Ks values in soil was likely due to differences in soil compaction and vehicular traffic 
passes peculiar to the CT and ST systems. The ST plots likely had better volume of macropores than CT plots, 
producing greater water flow through the ST soil profile. 
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Abstract 
This study is focused on the visualization of the preferential flow in different soil types and their horizons using 
a dye tracer experiment method. The field ponding dye infiltration experiments were performed on two soil 
types: Haplic Luvisol and Haplic Cambisol. The tension disc infiltrometer and the Guelph permeameter 
measurements were performed in the field on various horizons to study the impact of macropores on water flow. 
In addition, thin soil sections were made and micromorphological images were used to study soil aggregate 
structure and dye distribution at a microscale. The staining patterns within the vertical and horizontal sections 
documented very different natures of preferential flow in different soil types and also within the soil profiles. 
While preferential flow in Haplic Luvisol was caused by soil aggregation and biopores, preferential flow in 
Haplic Cambisol was caused only by biopores and large gravitational soil fractures. Micromorphological images 
showed that the dye was primarily distributed either in the interagregate pores and then in the pores inside the 
aggregates, or in the isolated large pores connected to the dye source and then into the matrix pores. Information 
about the dual-domain geometry and the dual-permeability models in HYDRUS 2/3D were then used to 
simulate preferential flow in studied soil types and to estimate parameters characterizing transport properties of 
bi-modal soil-porous medias. 
 
Key Words 
Soil structure, preferential flow, dye tracer experiment, micromorphological images, parameter optimisation 
 
Introduction 
It was observed that water flow and contaminant transport in structured soils is frequently influenced either by 
water and solute temporal immobilization or by preferential flow. To describe such non-equilibrium water flow 
and solute transport in soils, many numerical models have been recently developed. Overviews of non-
equilibrium water flow and solute transport evidence, and various experimental and mathematical approaches to 
study and describe these phenomena were given by Gerke (2006), Jarvis (2007), Šimůnek and van Genuchten 
(2008), or Köhne et al. (2009a,b). Common physically based models for simulation of water flow and solute 
transport in structured soils assume (one) continuum and bi- or multi-continuum approaches. To apply various 
approaches, the properties characterizing water flow and solute transport must be specified. The numerical 
inversion and parameter estimation from the observed water flow and solute transport data are usually applied to 
obtain desired information. (See review articles mentioned above.) However, to obtain reliable results many 
parameters must be independently measured or determined from the literature. A summary of various 
approaches for independent parameter determination is given by Köhne et al. (2009a). 
 
Various dye tracers are frequently used to study soil structure and preferential flow phenomena (Flury and Wai 
2003). The most often applied dye is the food color Brilliant Blue FCF. There are many studies dealing with the 
food color Brilliant Blue FCF characteristics (Flury and Flühler 1995, Morris et al. 2008) and studies using this 
dye for visualization of non-equilibrium water flow and dye transport in soils (Flury et al. 1994, Kasteel et al. 
2005, Sander and Gerke 2007). 
 
Preferential water flow and herbicide transport was studied in the field and laboratory by Kodešová et al. (2008, 
2009). They applied the dual-porosity and dual-permeability models in HYDRUS-1D (Šimůnek et al. 2008) to 
simulate observed data. Micromorphological images of studied soils were used to determine parameters 
describing dual-domains geometry. A goal of this study is to characterize dual-domain geometry of previously 
studied soils in macro and micro-scale using the dye tracer experiment. An additional goal is to use this 
information and measured transient flow data for characterization of parameters of the dual-permeability model.  
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Methods 
The study was performed in Haplic Luvisol in Hněvčeves and Haplic Cambisol in Humpolec in the Czech 
Republic. Details of soil chemical, physical and transport properties are given by Kodešová et al. (2008, 2009). 
The field dye infiltration experiment was carried out in year 2009 using the similar procedure to that described 
by Sander and Gerke (2007). 100 (Haplic Luvisol) and 50 (Haplic Cambisol) liters of solution with food color 
Brilliant Blue FCF (5 kg m-3) was infiltrated in a 1 x 1 m plot (applying an initial ponding depth of 10 and 5 cm, 
respectively) immediately after the wheat harvest. On the next day, one half of the plot was sliced horizontally 
and another half vertically to study the dye distribution within the soil profile to the depth of 100 cm.  
Micromorphology of soil structure and the dye distribution was studied on thin soil sections prepared from large 
soil aggregates, taken in the field. Thin sections were prepared according to the methods presented by Catt 
(1990).  The tension disc infiltrometer (a disc radius of 10 cm) was used to measure cumulative water 
infiltration under unsaturated conditions created using the pressure head of -2 cm. The Guelph (well) 
permeameter was used to measure cumulative water flux under ponding conditions. Measurements were 
performed at various horizons to study possible impact of macropores. Therefore the depth of the drilled well 
was variable.  The well radius was always 3 cm, and the well ponding depth was 5 cm.  
 
The analytical expressions presented by Wooding (1968) and Zhang et al. (1998) are usually used to calculate K 
values from the tension disc and the Guelph permeameter, respectively. The radially symmetric single-porosity 
and dual-porosity models in HYDRUS 2/3D (Šimůnek et al. 2008) were applied here to estimate parameters of 
the soil hydraulic functions (van Genuchten 1980) of both models using both field experiments. First, the single-
porosity flow model in HYDRUS 2D/3D was used to estimate the saturated hydraulic conductivity, Ks, via a 
numerical inversion of the data from the tension disc infiltrometer, and using the soil water retention curve 
parameters obtained in the laboratory from ponding infiltration test presented by Kodešová et al. (2009). 
Second, the dual-permeability flow model in HYDRUS 2D/3D was used to estimate the saturated hydraulic 
conductivity, Ksf, in the macropore domain using the Guelph permeameter cumulative infiltration. In this case, 
the parameters obtained from the tension disc infiltrometer experiment were used to describe the matrix domain, 
and the parameters characterizing water retention in the macropore domain and mass exchange between 
macropore and matrix domains were either set (at measured or average values) or optimized. Parameters 
characterizing the aggregate geometry were set based on the field ponding dye infiltration experiment and 
micromorphological study. 
 
Haplic Luvisol in Hněvčeves                  Haplic Cambisol in Humpolec 

  
Figure 1.  Examples of staining patterns within the vertical sections in Haplic Luvisol in Hněvčeves (left) and Haplic 

Cambisol in Humpolec (right). Diagnostic horizons of Haplic Luvisol: Ap1 (0 – 25 cm), Ap2 (25 - 35 cm), Bt1 (35 - 75 
cm) and Bt2 (75 - 100 cm). Diagnostic horizons of Haplic Cambisol:  Ap (0 – 33 cm), Bw (33 - 65 cm) and C (65 – 100 

cm). 

 
Results 
Here we show only examples of staining patterns within the vertical sections in Haplic Luvisol in Hněvčeves 
(Figure 1 left) and Haplic Cambisol in Humpolec (Figure 1 right).  Left figure shows that while dye tracer was 
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partly regularly transported and only some isolated domains were visible in the surface Ap1 horizon, the 
significant preferential flow occurred in the subsurface horizons. The preferential flow in the upper subsurface 
Ap2 horizon (plow pan) was caused by the gravitational biopores in the very compact matrix structure, which 
considerably slowed down the dye transport. In the case of deeper horizons (Bt1 and Bt2), the preferential flow 
occurred due to the gravitational biopores and extensively developed prismatic structure, which was highly 
affected by organo-mineral coatings. Right figure shows that the dye tracer transport in Haplic Cambisol was in 
all horizons (Ap, Bw, C) mainly affected by the preferential flow caused by the gravitational fractures and 
biopores.  
 
Various soil structures were also documented on micromorphological images of soil structure studied on thin 
soil sections prepared from large soil aggregates (not shown). The micromorphological images of the Haplic 
Luvisol soil samples showed higher-order aggregates of the Ap1 horizon, dense structure of the Ap2 horizon, 
well-developed soil structure affected by clay coatings of the Bt1 horizon and isolated pores with clay coatings 
inside the large aggregates of the Bt2 horizons. Aggregates in all horizons (Ap, Bw, C) of the Haplic Cambisol 
were poorly developed. The pore system did not show intrapedal or interpedal pores, pores were developed 
mainly along gravel particles. Correspondingly to the different soil structure compositions, dye tracer was 
differently distributed in the soil. Images did not show a regular dye distribution. It was evident that the dye was 
primarily distributed either in the interagregate pores and then in the pores inside the aggregates, or in the 
isolated large pores connected to the dye source and then into the matrix pores. Accumulated organic matter, 
clay coating, larger soil grains and isolated larger capillary pores, which initially did not contain the dye tracer, 
behaved as less-permeable or impermeable barriers. 
 
An example of measured and simulated transient flow data using the dual-permeability model in HYDRUS 
2/3D is shown in Figure 2. In this case, the Ksf value for the macropore domain of the dual-permeability model 
was estimated using the Guelph permeameter cumulative infiltration data measured in the Ap1 horizon of Haplic 
Luvisol.  
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Figure 2.  Measured and simulated (using the dual-permeability model) cumulative infiltrations for the Guelph 
permeameter test performed in the Ap1 horizon of Haplic Luvisol. Cumulative Macropore Flux = direct (from the 

infiltration well) cumulative infiltration into the macropore domain, Cumulative Matrix Flux = direct cumulative 

infiltration into the matrix domain, Sum of Cumulative Fluxes = Sum of direct cumulative fluxes, Cumulative 

Macropore/Matrix Exchange = cumulative infiltration from the macropore domain into the matrix domain. 

 
Parameters characterizing the aggregate geometry (the shape factor for spherical aggregates β =15, the 
characteristic length of an aggregate a = 1.5 cm) and macropore domain fraction (fw = 0.0277) were set based on 
the field ponding dye infiltration experiment and micromorphological study. The soil hydraulic parameters (θrm = 0 
cm3cm-3, θsm = 0.428 cm3cm-3, αm = 0.0124 cm-1, nm = 2.001, Ksm = 1.25 10-4 cm min-1) obtained for the single-
porosity model in HYDRUS 2/3D using the tension disc infiltrometer data were assumed to characterize the 
matrix domain. The parameters characterizing water retention in the macropore domain (θrf = 0 cm3cm-3, θsf = 
0.428 cm3cm-3, αf = 0.1 cm-1, nf = 3) were either equal to the parameters in the matrix domain or set to average 
values (characteristic macropore soil water retention curve shape parameters published in the literature). The 
saturated hydraulic conductivity (Ksf = 0.182 cm min-1) was optimized together with the effective saturated 
hydraulic conductivity of the interface between the macropore and matrix domains (Ksa= 5.3 10-5 cm min-1). 
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Conclusion 
Information about the fraction of the macropores existing in studied soils and information about the shape and 
size of the aggregates, biopores and soil fractures were further used to describe the dual-domain geometry in the 
dual-permeability model, which was applied to simulate preferential flow in these soils. 
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Abstract 
This study was carried out to identify the elution patterns and distribution of salts from multi-layer reclaimed 
soils with a subsurface layer of porous granule in the newly reclaimed Saemangeum tidal area. To do this, paddy 
and upland plots were established with a layer of porous granule below the surface layer of the indigenous 
reclaimed soils at a depth of 30~60 cm. Soil samples were taken from the surface and subsurface (porous 
granule applied) layers at each plot to measure changes of EC of each soil layer at intervals of 1 month during 
the experiment. The results of EC measurements showed that in the paddy plot with porous granules EC of the 
top soil (0~30 cm) after 5 months rice cultivation was drastically decreased from 10.54 dS/m to 0.81dS/m while 
EC decreased from 5.74 dS/m to 0.82 dS/m in the control plot. In the upland plot, EC of top soil decreased from 
18.08dS/m to 12.25 dS/m, while in the control upland plot EC value increased from 14.01dS/m to 28.41dS/m. 
From these results we could assume that the porous granule layer placed at 30~60cm enhanced leaching of salts 
from the surface layer and cut off capillary rise of salts from the subsurface soil, resulting in lowering the level 
of salinity to values that would not affect any plant growth.  
 
Key Words 
Reclaimed land, desalinization, EC, salinity 
 
Introduction 
On the western coast of Korea, tidal flats are extensive with wide distances between the high and low tide 
levels. These areas are suitable for tideland reclamation and the comprehensive tidal land reclamation projects 
have been implemented for satisfying the demand of land and water resources increased since the beginning of 
1970s(Son et al. 2000). However, changes of tides and land use caused by practising tideland reclamation may 
influence the environment in the area.  The majority of reclaimed land in Korea was made through dike 
construction and had very high salt concentrations in early periods, so to cultivate crops in newly reclaimed 
lands, soils must be desalinized. Soil salinity plays a very important role in determining plant productivity (Yang 
et al. 2008; Maas et al. 1984; Lee et al. 2003; U.S. Salinity Laboratory Staff1954). A quantitative and systematic 
investigation on the characteristics of soil salinity and its distribution in the newly reclaimed soil is not only 
important to the understanding of tidal soil systems to determine the utilization of the reclaimed land but also 
for potential development of reclamation methods for the newly established tidal soils in Korea(Jung et al. 
2003). For salt-affected soil with relatively good permeability, desalinization through vertical drainage can be 
effective for rapid and desirable desalinization. In this research, we investigated elution patterns and distribution 
of salts from multi-layer reclaimed soils with subsurface layer of porous granule (coal bottom ash) which could 
be applied as modification of water flow in newly reclaimed saline soil.  
 
Materials and methods 
Study area 

Saemangeum was an estuarine tidal flat on the coast of the West Sea in Korea. It was dammed by the 
government of South Korea in April 2006 and is scheduled to be converted into either agricultural or industrial 
land. Saemangeum is at the mouths of the Dongjin and Mangyeong Rivers, on the coast of Jeollabuk-do. It is 
just south of the estuary of the Geum River. Neighboring districts include Gunsan City, Buan County, and Gimje 
City. After the estuary has been completely filled, an area of about 400 km² (roughly two-thirds the size of 
Seoul) will have been added to the Korean peninsula, making it one of the biggest landfills in history.  
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Figure 1. Pictures of Saemangeum rclaimed tidal land area located on the mid-western coast in Korea. 

 
An experimental field was located on Saemangeum reclaimed land, Korea. The soil series was Munpo and soil 
texture was sandy loam. Experimental paddy and upland plots were made. These plots were established with 
layer of the porous granule below the surface layer of the indigenous reclaimed soils at depth of 30~60cm. For 
paddy plots, irrigation water was applied and maintained 10cm above the surface soil during the experimental 
period, while in the upland plots rainfall was the water sources throughout the experiment. Soil samples were 
taken from the layers of surface and subsurface (porous granule applied) at each plot to measure changes of EC 
of each soil layer at intervals of 1 month during the experiment. The chemical properties of the tidal soils 
obtained from the Saemangeum area are shown in Table 1. 
 
Table 1. Chemical properties of the tidal soils obtained from Saemangeum area. 

Ex. Cations (cmolc/kg) Soil series pH 
(1:5) 

EC 
(dSm-1) 

T-N 
(g /kg) 

OM 
(g /kg) 

Av. P2O5 
(mg /kg) K Ca Mg Na 

Moonpo 7.4 22.5 0.6 8.4 75 2.25 3.9 7.2 23.8 
Yumpo 6.9 12.3 0.3 3.1 38 1.61 1.4 5.6 13.3 
Poseung 8.1 4.1 0.2 1.9 26 0.90 1.1 2.9 15.1 

 
Results and discussion 
Figure 2 shows the changes of EC values of top soil in the paddy plot during the experiment. For surface depth 
of 0~10 cm, EC decreased from 11.36 dS/m to 0.80d S/m (93.0% of salt was lost). Intermediate depth of 10~20 
cm, EC value decreased from 10.78 dS/m to 0.64 dS/m (94.1 % of salt was lost). Bottom depth of 20~30 cm, 
EC value decreased from 9.47 dS/m to 0.99d S/m (89.5% of salt was lost), showing soil was desalinized. Figure 
3 shows the changes of EC values in top soil in the upland plot during experiment. EC values decreased or 
increased according to amounts of rainfall. For surface depth of 0~10 cm, the EC value increased from 17.50 

dS/m to 22.07 dS/m (26.1% of salt increased). Intermediate depth of 10~20㎝, the EC value decreased from 
19.33d S/m to 10.58 dS/m (45.3% desalinized). Bottom depth of 20~30 cm, EC value decreased from 17.40 
dS/m to 4.09 dS/m (76.5% desalinized). On the other hand in the control upland plot, EC values of top soil 
(0~30 cm) increased from 14.01 dS/m to 28.41 dS/m(102.8% increased). 
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Figure 2. Changes of EC values in multi-layer paddy soil with subsurface layer of porous granules. 
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Figure 3. Changes of EC values in multi-layer upland soil with subsurface layer of porous granules. 

 
Conclusion 
Multi-layer reclaimed soil with subsurface layer of porous granules (coal bottom ash) show enhanced leaching 
of salts from the surface soil and diminished capillary rise of salts from the subsurface soil. Therefore, we could 
conclude that the porous granule layer can be useful as a soil ameliorator for upland cropping in newly 
reclaimed saline soil. 
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