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Effect of rain on the macroporosity at the soil surface
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Summary

Rain falling on soil causes slaking, mechanical disruption of aggregates and compaction. Too few data
exist to predict the changes likely to occur in particular soil, landscape and management conditions.
Experiments with simulated rain were set up to study and to model mathematically the changes of the
pore system within the surface layer of a soil when rain was applied on a field cropped with maize.
Macroporosity, pore-size and pore-shape distributions, and the pore volume were measured by image
analysis of thin sections and the fractal dimensions of the pore surface roughness were estimated.
The general trends of changes in porosity indicated the presence of two different sets of processes at
the surface (0-3 cm) and in the layer immediately underneath (3—6 cm). In both layers most of the variation
in macroporosity was due to a loss of elongated porosity. A theoretical approach recently developed to
link rain and erosion to sealing properties was extended to describing the effect of rain on the elongated
porosity and the pore volume fractal dimension in these two layers. The resulting set of equations
describe in detail the evolution of soil porosity near the soil surface. Our approach could be useful
when modelling the effects of sealing processes in soil erosion.

Introduction

When raindrops hit the soil surface they cause mechanical
disruption of near-surface aggregates, slaking, dispersion,
compaction by their impact, infilling of underlying pores
by fine particles and surface sealing. All this is commonly
followed by transport and deposition of detached particles
and microaggregates. Most studies of these processes have
been done during research on sealing and crusting. Many experi-
ments have been conducted to relate specific soil variables
such as texture, moisture, aggregate stability, mineralogical
composition and surface roughness to the consequences of
rain on strength, infiltration, porosity or micromorphology
of seal and crust.

Most previous studies aimed to explain what was observed
in qualitative terms. Only a few investigators have attempted
to measure the properties of seals formed during rain and to
link them to the causes using quantitative relations. Tackett &
Pearson (1965) showed a gradual increase in bulk density
related exponentially to the cumulative rain. Farres (1978)
found that the increase of seal thickness during rain was
related to the logarithm of the cumulative rain. Boiffin (1984)
observed a hyperbolic decrease of the porosity of the upper soil
layer with time of exposure to rain. Mualem et al. (1990) related
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the bulk density of soil crusts to the depth from the soil
surface by an exponential decay function including a factor
describing the particular interaction between rain and soil.
They ascribed the maximum change in the bulk density
at the surface to the rain’s kinetic energy. Roth (1997)
showed that the exponential decay function proposed by
Mualem efal. (1990) better represents the initial stages of
surface compaction, whereas the changes in bulk density in
the later stages of the formation of structural seals are
better described by a sigmoidal function. Bielders & Baveye
(1995) linked clay eluviation and the thickness of the
‘washed-in” layer to the kinetic energy of rain by linear
regressions. In a recent study on the effects of raindrop
impact on soil micromorphology under various crop sys-
tems, Panini etal. (1997) found that most of the reduction
in porosity is due to the loss of elongated pores. They
developed a simple theoretical approach to link the pro-
cesses of size reduction of elongated porosity to causative
factors through an exponential decay function in a quanti-
tative, physically based manner. The main factors they con-
sidered were impacts of drops, infilling of pores, deposition
and aggregate thinning. Under the assumptions that (i)
transport and deposition of fine grains is proportional to
the rate of detachment, and (ii) detachment is proportional
to the kinetic energy of impacting drops, Panini et al. (1997)
derived the following equations for the elongated porosity of
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a soil layer with constant thickness (seal is defined ‘structural’ or
‘depositional’ according to what processis dominating: drop impact
and soil detachment or sedimentation, respectively, according to
Panini et al., 1997; Bresson & Boiffin, 1990; West ez al., 1992):

e for a depositional seal:
APg = bD, )
e for a structural seal (drop impact):
APg = Pgo{l — exp(—kgE)}, 2)
e and for a general seal:

APg = abD + (1 — a)Peso{1 — exp(—rD)}, 3)

where A represents reduction, Pg is elongated porosity (area
per cent), Pgg and Pggo (both area per cent) are the initial
values of elongated porosity and of elongated porosity where
structural seals develop, E is the cumulative energy released by
drop impacts per unit of surface [MT 2], D is the cumulative
soil detachment [ML™?], « is the fraction of the soil surface
that is affected by depositional seal, and b and « (both being
dimensionally [M~'L?)) and kg [M~'T?] are coefficients deter-
mined by best fitting techniques.

Equation (3) is the weighted mean of the previous two
equations under the assumption that the amount of splashed
material (detached and deposited) is directly proportional
to the kinetic energy of the raindrops. The distinction between
initial elongated porosity and the initial elongated porosity
below the structural seal arises because the former includes the
porosity of the seal layer, whereas the latter does not (see the
original paper for a more exhaustive discussion).

Equations (1) and (2) are combined into Equation (4) under
the assumption that kinetic energy can be substituted by
detachment on the basis that D is directly proportional to E for
splash detachment (Ellison, 1947; Poesen & Savat, 1981; Torri
etal., 1987; Torri et al., 1998):

D= kSE7 (4)

where kg is splash detachability (mass per unit of impacting

energy).
If we substitute Equation (4) into Equation (1) we obtain

AP = bksE. (5)

This can be rearranged with Equation (2) into an equivalent
of Equation (3):

AP = abksE + (1 — a)Pgso{1 — exp(—kgE)}. 6)

This last equation will become useful later in the paper.

The equations proposed by Panini ezal. (1997) are to be
considered a first approach towards a detailed algorithmic
description of the evolution of pore systems. Such a descrip-
tion is needed for a better understanding of the processes
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characterizing interrill areas where sealing is an essential
component of soil erosion processes. Sealing depends on
some basic process of soil erosion (drop impact, aggregate and
particle detachment, transport, deposition, etc.). The changes
in the packing of the soil particles and aggregates at the
surface changes the detachability of the soil particles and the
surface roughness, usually reducing the soil’s hydraulic resis-
tance to overland flow. The reduced porosity increases runoff
and consequently affects erosion. Hence, as splash erosion,
sealing and runoff generation are interacting processes, any
complete understanding of soil erosion must necessarily
include sealing processes and vice versa.

The modelling approach described by Panini ez al. (1997) is
a starting point on which further work can be built. From now
on the set of equations and assumptions on which this
approach is based will be called the EP model. As with every
model, it can be confuted on the basis of its assumptions and
predictions. For example, the variation of porosity due to
depositional seal is supposed to consist of the accretion of
a depositional layer, characterized by a porosity, over another
layer of constant porosity. This is obviously a simplifying
assumption, the validity of which can be empirically controlled.

The present stage of development of the EP model does not
include anything about the dimension of the pores: it simply
states that elongated porosity will be reduced by a certain
amount, given a certain impacting energy. As the dimension
of pores is also important for defining soil properties such as
hydraulic conductivity, the model must include information on
the dynamics of some other characteristics of porosity such as
pore-size distributions. Consequently, this paper aims at
improving the equations of the EP model, evaluating whether
the dynamic of porosity varies with depth, and describing the
dynamics of the pore-size distribution.

Materials and methods
Rain experiments

We set up an experiment at Fagna Agricultural Experimental
Centre (Scarperia, Firenze, Italy) where Panini eral. (1997)
carried out their experiments. The soil is a Eutric Cambisol
(FAO-UNESCO, 1990), indicated as ‘Chiesa’ in their paper.
The particle-size distribution of the A, horizon is 23% clay,
42.7% silt and 34.3% sand. The bulk density of the upper A,
horizon is 1.4 g cm™>. The experiment was in a maize field, and
in this it differed from that of Panini et al. (1997), who experi-
mented on bare soil, lucerne and potatoes. The plot was 10 m
long and 3.5 m wide, with a gradient of 12%, and was hydraul-
ically isolated by means of metal sheets inserted into the soil to
15 cm depth. Lateral losses due to splash were balanced by soil
material splashed inwards as the plot was in the centre of
a 14m-long and Sm-wide plot irrigated with simulated rain
in the same manner.



The rainfall simulator, described by Panini etal. (1997),
was equipped with 18 axial-flow full cone nozzles (Lechler,
Catalogue No 460.888) 6 m above the ground. The simulated
rain has a drop distribution similar to that of natural rain, giving
good uniformity coefficients for intensity and kinetic energy
(Panini etal., 1993). The water fed to the simulator was dis-
tilled (electrical conductivity EC =3 S cm™); it differed from
that of Panini efal. (1997) who used tap water (EC~480 uS
cm™ ). The intensity was kept constant during the experiments
with a mean value of 101 mmhour™! and a kinetic energy rate
of 1756 Jm~>hour™". This intensity was selected to accelerate
the processes and to use a rain intensity different from the ones
used by Panini ef al. (1997). The simulated rain was applied in
two runs: the first lasted 42 minutes (instead of the planned 60
because of a malfunctioning of one pump) and was followed,
24 hours later, by a second one lasting 60 minutes.

Stem flow was determined on eight maize plants. The rough-
ness of the soil (defined according to Onstad, 1984) was
measured by means of a profile-meter with sticks spaced at
1.5-cm intervals on six transects (each 90 cm long) before and
after the rain. Cohesion was determined by a pocket torvane
(shear vane) as the average over sites of structural and depos-
itional features. Slope for splash was estimated from the relative
elevation transects using the procedure proposed by Torri et al.
(1998) and used by Panini ezal. (1997). The size distribution
of soil aggregates stable to water disruption was determined
by wet sieving of the sediment sampled during the rain.
The grain diameters Dgso and Dgos, corresponding to the
50th and 95th percentiles of the cumulative size distribution
(with Dgso < Dgos), were then calculated.

The area where the plot was established was cultivated with
maize (approximately 1.58 m tall) in furrows oriented in the
direction of maximum slope. Fifteen days before the experi-
ments the area was harrowed to 10 cm depth. Only a few milli-
metres of rain fell (less than 10), and no irrigation disturbed
the soil surface. The water content (by volume, mean over six
replicates) before the first experiment was 9% in the upper 5cm
and 16% at 10cm depth. Before the second experiment the
volumetric water content was 35% at both depths.

The total runoff in 102minutes of rain (intensity
101 mm hour™", total precipitation 172 mm) was 24.1 mm, and
the total erosion was 0.5 kg m 2, with a sediment load ranging up
to 34 g1~ ! (the average sediment load was 21 g1~"). These values
are only indicative because of the presence of open cracks (some
of which closed during the experiments) which intercepted part
of the overland flow. The mean interrill length was 0.44 m. Mean
soil random roughness was 1.30 cm. The slope gradient (tangent)
for splash was calculated to be 0.48 mm™" (Torri et al., 1998).
Cohesion was 3.34 kPa (measured using a pocket torvane).

Contributions of the throughfall and the water dropping
from the canopy were used to determine the Kinetic energy of
impacting drops, E. The intercepted rain was subdivided into
stem flow and drip from leaves. The kinetic energy of impact-
ing drops was calculated as the sum of the kinetic energy of the
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portion of raindrops that passed untouched through the
canopy and that dripping from the leaves, as follows:

E() = (1= B0 + 05072 [{e () - Fud)d}ar, ()
0

where ¢, is the crop cover (0.56 in our case), E; is the energy
of the rain (J m~?), p is water density (kg m~3), V, is the fall
velocity of drops dripping from the crop leaves (m s™'), I is the
rain intensity (m hour™'), F, is the stem flow intensity
(m*hour™"), d. is the plant density (4.6 plants m~>), and ¢ is
the time from the beginning of the rain (hours). The size of the
drops from leaves was estimated after Brandt (1989) as 4 mm.
Fall velocity was judged to be 3.6ms™' (Laws, 1941), consid-
ering a mean height of fall of 0.8 m (mean height of dripping
leaves). Interception rate (calculated as rain intensity times

~1. As stem flow

crop cover) accounted for 56.6 mm hour
accounted for 44mmhour™! (2.63cm® s™! per maize plant,
mean value over eight observations), the intensity of secondary
rain was 12.6 mm hour™". Thus, the rate of the total impacting
energy was determined as 855Jm~>hour~', while the kinetic
energy rate of throughfall was 773Jm~>hour™' and that of
canopy drip was 82Jm~>hour™".

Detachment per unit of impacting energy (detachability, D)

was calculated after Torri et al. (1998) as

D= 0.13(6@DG50)/(1.5T) exp{700.36h 1n(6D095/D(;50)}
+ 1.31tan 3 4 6.7C, (8)

where g is the dry bulk density of the removed particles and
aggregates (1500kg m™%), Dgso and Dgos (mm) are the grain
diameters, corresponding to the 50th and 95th percentiles of
the cumulative size distribution of stable grains, 7" (Pa) is soil
cohesion, 4 (mm) is the depth of water over the soil surface,
tan( is the mean slope gradient for splash, and C is clay content
(fraction). Detachability was calculated to be 3.2gJ '
This value is valid if the dispersion of soil particles is
negligible because Equation (8) was derived from data collected
using simulated rainfall produced with tap water which is usually
rich in electrolytes and usually does not disperse the soil.
Data collected by Borselli ezal. (2001) on the effect of water
quality on erosion show that when good quality water is used
(electrical conductivity of rain water close to 1-2mS m™')
detachment values of non-saline, non-sodic soils are about
2.3 times the values observed on the same soils using tap water.
Hence the detachment value of 3.2gJ”' was increased to
7.4 gJ ! to accord with these recent findings.

Macroporosity determinations

Three cores of soil (Scm diameter, 10cm high) were taken
from the upper 0-10cm layer before the rain and at four
consecutive time intervals during the rain. Sites not affected
by surface flow were sampled at the ponding time and at the
end of the first rain, then again at the ponding time of the
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second rain, and at its end. After drying by acetone replace-
ment (Miedema et al., 1974; Murphy, 1986) and impregnation
with polyester resin (Crystic SR 17449, Scott Bader Co. Ltd,
Wellingborough, UK), vertically oriented thin sections
Scm x 7em were cut from each sample. Three thin sections
where selected at each sampling time among those showing no
evidence of disturbances due to the whole handling procedure.

The thin sections were analysed using PC Image software
(Foster Findlay Associates Ltd, London) to measure total
porosity and to characterize pores according to their shape
and size. The lateral external edges (width of about 3 mm) of
each slide were excluded from the analysis to avoid distur-
bances due to sampling. The total area of each analysed
field, and the areas (A4p) and perimeters (P,) of detected
pores (voids) were measured when the pixel side was calibrated
as 29.15 pym. This pixel size implies that the smallest detectable
pores were ¢. 60 um in diameter.

Pores were divided into three shape classes according to
their circularity (Pg/4TEAp)Z regular pores (circularity 1-2),
irregular pores (circularity 2-5) and elongated pores (circular-
ity >5) (Pagliai eral., 1983, 1984). These classes correspond
approximately to those introduced by Bouma etal. (1977).
Pores of each shape class were further subdivided into six
size classes according to the equivalent pore diameter for
regular and irregular pores and the pore width for elongated
pores (Pagliai ez al., 1983, 1984).

We used the algorithms used by Droogers ezal. (1998) to
determine the fractal dimensions. The fractal dimension of the
pore volume (Dvy) was determined by the box-counting tech-
nique applied to the images of thin sections using a reductive
algorithm of Mandelbrot (1982):

Nog oc d1=PV) 9)

where N-, is the smallest number of pixels with size d that
cover the area occupied by pores.

Equation (9) is written in order to incorporate extrapola-
tion from two to three dimensions of the respective fractal
dimensions.

The thin sections were also examined by a Zeiss ‘R POL’
microscope at x25 magnification to examine the micro-
morphological structure of the samples.

Results and discussion
Soil structure

Changes in the soil structure are essentially changes in the pore
system during the simulated rain. The microscopic examina-
tion of thin sections prepared from samples collected just
before the rain reveals the presence of crumbly to subangular
blocky structure (Figure la). This structure changed during
the first minutes of rain: the slaking of aggregates caused an
interruption of porosity in the top 1cm of the surface layer,

(a) F————— (b)

Figure 1 Vertically oriented thin section from samples of the 0—6cm soil layer: (a) before the rain simulation — a crumbly to subangular blocky
structure is evident; (b) after 22 mm rain — the presence of a surface seal is visible; (c) after 71 mm rain. Pictures were taken at x 2 magnification under

plain polarized light (parallel Nicols, pores appear white).
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Figure2 Vertically oriented thin section from
samples of the 0-6cm soil layer after 172 mm
rain: (a) depositional seal; (b) structural seal.
Pictures were taken at x2 magnification under
plain polarized light (parallel Nicols). (@)

while just below it a subangular blocky structure persists
(Figure 1b). At the end of the first simulation a compact surface
layer is already evident (Figure 1c) and the subangular blocky
structure immediately below has become more compact.
During the second simulation the raindrop impact increased
the thickness of the compacted surface layer. By the end of the
second simulation it had become dense and separated from the
subsurface layer by elongated pores oriented parallel to the soil
surface both in the depositional (Figure 2a) and in the structural
(Figure 2b) seals. Detailed microscopic examination shows that
the structural seals have a very compact platy microstructure:
thin elongated pores parallel to the soil surface are predom-
inant. Such a microstructure is homogeneously distributed
throughout the sealed layer. The microstructure of the deposi-
tional seals is characterized by a thin layer of coarse material at
the top and a layer of fine material with small, rather porous
aggregates below it. Porosity decreases below this latest layer.
Generally, porosity is greater in the depositional seal where the
proportion of regular and irregular pores is larger than in the
structural seal. Such pores are formed mainly by entrapped air,
and many of them are spherical.

Macroporosity

To see whether the effect of impacting drops reached much
below the soil surface, thin sections were subdivided in an
upper (0-3cm) and an underneath (3—-6cm) layer, called,
respectively, S- and U-layer. This subdivision was not based
on morphological considerations, but on the fact that both
parts would have been sufficiently big to allow enough pores
to be examined in both subsamples.
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1cm

|1¢| (b)

Figure 3 shows the data for regular, irregular and elongated
pores in the soil cores sampled at consecutive time intervals
during the simulated rain. It appears that (i) the volume
of regular and irregular pores in the S-layer does not vary
significantly during the rain, (i) the volume of regular and
irregular pores in the U-layer decreases slightly, but trends are
not significant (for regular pores p=0.39, for irregular pores
p=0.07), and (iii) the volume of elongated pores decreases
continuously in the S-layer while in the U-layer it decreases
sharply (during the first 20 mm of rain) to a smaller value around
which it keeps oscillating until the end of the second rain.

The cumulative pore-size distributions of the S- and the
U-layers are shown in Figure 4. The macroporosity of both
layers shows a strong decrease in the frequency of the largest
pores while the frequency of the smallest is almost constant
and sometimes even increases. The distributions depend on the
processes leading to the decrease of macroporosity. The largest
pore-size classes experience only a loss (clogged, broken or
compressed pores that decrease their sizes) while the smallest
may balance their losses with gains from the coarser classes.

The general trends seem to indicate the occurrence of two
different sets of processes in the two layers.

The change in the U-layer is more rapid than that in the
S-layer and initially more intense. This seems to contradict any
expected behaviour because the S-layer is exposed to the direct
impacts of raindrops. The U-layer can be disturbed mainly by
the pressure wave which, once generated by drop impact,
moves through the soil preferentially destroying the largest
pores (this accords with the fact that the total force acting
on larger pores is larger than the one acting on smaller pores
at any given depth). Other processes, such as slaking of
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Figure 3 Relationships between area percentages of (a) regular pores,
(b) irregular pores and (c) elongated pores obtained by image analysis
of thin sections from soil samples of the S-layer (0-3cm) (O) and the
U-layer (3-6¢cm) (A\) at consecutive time intervals during simulated
rain and the cumulative rain rate.

aggregates, can also affect U-layer porosity but in this case
regardless of pore sizes. In fact, however, the observed poros-
ity reduction was mainly due to destruction of the largest pores
(Figure 4b), supporting the pressure wave hypothesis.

To understand clearly the processes and the factors that
regulate the presence and dynamics of this pressure wave we
must examine the behaviour of the forces generated by drop
impacts. Those forces are applied by numerous individual
raindrops in a fairly complex manner (Harlow & Shannon,
1967), causing an uneven distribution of pressure. The impact
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Figure4 Cumulative pore-size distributions obtained by image
analysis of thin sections from samples of (a) the S-layer (0-3 cm) and
(b) the U-layer (3—-6cm) at four consecutive time intervals during the
simulated rain (respective cumulative rain rates are shown).

area can be considered as a point where a given pressure is
produced. The pressure is a pulse (from zero before the impact,
through its peak value, back to zero again in less than a tenth
of a second). The pressure wave so generated travels into the
soil and expands as the distance between its front and the
impact point increases. The intensity of a spherical pressure
wave decreases with the square of such a distance. As there are
many surface impacts during rain, the spherical pressure waves
interfere and produce a plane pressure wave. If the medium in
which the wave is expanding does not react then the wave will
keep a constant intensity. This is not the case for soil. Its behav-
iour is partly elastic, when the drop rebounds as droplets often
incorporating grains of soil (Styczen & Hogh-Schmidt, 1988),
and partly inelastic. The latter is shown by the reduction of
pore size, which means that the grains have been rearranged
and small volumes of soil compacted, i.e. work has been done
by the pressure wave. The wave is also dissipated by sound,
friction and heat. Regarding the transmission of the pressure
wave, one must remember that the denser is the soil (i.e. the



less the porosity) the more effective is the transmission (smaller
reduction of pressure intensity) because there are more
particle-to-particle contacts and fewer empty volumes where
particles can move.

This leads us to propose the following ‘ideal’ succession
of processes. When it first rains on a soil that has uniform
porosity at all depths (at least, within the upper 10cm), the
porosity corresponding to the uppermost soil is reduced
whereas below it is scarcely affected because the pressure
wave is poorly transmitted in the still very porous uppermost
material. As the surface porosity decreases, the pressure wave
propagates itself more efficiently so that deeper pores are more
and more affected and reduced in size. This progressive trans-
mission of the effect of drop impacts deeper into the soil will
obviously end at some depth where the transmitted pressure
wave has lost most of its intensity. If larger pores are weaker
than smaller pores in the face of disruption by the pressure
wave then this process is further amplified.

Let us now return to the S- and U-layer. In the case of our
observations the S-layer was less porous (with smaller elongated
pores) than the U-layer. If its initial porosity was small enough
to allow a good transmission of the pressure wave then the
number and size of its larger pores would decrease dramatically.

Predicting the effect of rain on soil macropores

Let us now examine how well the EP model describes the data
collected in this experiment, and how the above discussion
contributes to a better description of the behaviour of poros-
ity. Trends shown by the S-layer closely resemble the trends
shown by Panini etal. (1997), even if they do not coincide.
The reason for this can be found in the factors influencing the
coefficients «, b and Pggy of Equation (4). The coefficient Pggq
depends on the initial conditions that characterize the state of
the soil surface (i.e. the initial volume of elongated pores in the
structurally sealed layer). Hence it can take different values.
The coefficient « represents the fraction of the soil surface
affected by deposition processes: it may vary rapidly if the
soil is initially unaffected by depositional seal. The coefficient
b is originally introduced as a proportionality factor that
depends on the ratio between ‘actual sediment flow, trans-
ported by infiltrating water towards the macropores’ and the
rate of soil detachment. This ratio is not a constant and may
vary with sediment load in the runoff and soil detachment
depending on the characteristics of the rain as well as on those
of the soil. It is defined (Panini ez al., 1997) as
_ a(PgL — Pgs)

b= S (10)

where Pgs is the elongated porosity (area per cent) in the
S-layer sealed ‘depositionally’, Pg; is the elongated porosity in
the underlying layer, and § is the bulk density.

As above, the EP model supposes that the underneath layer
of soil was unaffected by raindrop impacts, and Pgp was
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considered constant. This is now questioned by the dynamics
in the U-layer (Figure 3c). Let us try to modify the equations
accordingly.

The behaviour of the U-layer differs from that of the S-layer
because of the following processes: (i) no sample shows
a depositional seal thick enough to affect the porosity 3cm
under the soil surface; (ii) drop impact is replaced by the
pressure wave (which will be substituted by impact energy —
derived by considering pressure intensity proportional to
energy by means of a proportionality coefficient that depends
on soil depth and on the soil transmissivity, i.e. bulk density,
macroporosity, etc.).

Let us refer to Equation (6). Item (i) reduces « to zero,
whereas (ii) causes g to be substituted by another parameter,
x'g, while the energy of drop impact becomes an estimator of
the energy (or pressure) wave. In other words, Equation (6)
formally reduces to one of its components, i.e. to Equation (2).
This leads to the following equation for the variation of
elongated porosity in the U-layer (Pgy):

APy = 15.2{1 — exp(—11E)}. (11)

This equation has implications for the S-layer. Its governing
equation can no longer be Equation (6). In actual fact, the
coefficient b in Equations (1), (3) and (6) varies as follows,
obtained substituting Equation (11) into Equation (10):

b= CI[PEL"() + PEL,]{I — exp(—k%E)} — PES]

5 )

where Pgr o+ Pgp; is the initial elongated porosity of the
underneath layer and Pgy o is its final one.

If we merge Equations (12) and (6) we can obtain in prin-
ciple a better description of the behaviour of porosity. Actually
the speed at which the largest macropores are reduced in size
during rainfall (U-layer variations are fast) will make it scar-
cely visible and the simplification proposed in the EP model
might still hold. The equations are the following ones:

(12)

APg = {0.008 exp(—0.012E) + 0.0013}7.36E
+6.3{1 —exp(—0.16E)} (13)

and

APg = {0.014exp(—0.006E) + 0.0019}3.2E
+3.3{1 — exp(—0.42E)}, (14)

where Equation (13) is relative to the data collected during
these rainfall experiments while Equation (14) describes the
observations of Panini et al. (1997). The numbers that multiply
E are detachabilities (respectively 7.36 and 3.2gJ~"); energy E
is in Jm~>. The two exponents do not contain detachability
because here energy stands as a proxy for the intensity of
the pressure wave travelling inside the soil or of the impact
pressure. Figure 5 shows trends and data. Notice that the
small hump shown by both the interpolating lines at about
E =100-300Jm 2 is the effect of Equation (12).
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Figure5 Relationships between the decrease of elongated porosity
and the raindrop impact energy in the S-layer when the U-layer
has a decreasing porosity: solid line: Equation (14); dashed line:
Equation (13).

Before commenting on the values of the parameters of the
two new equations, we must state that, given the small number
of observations and the large number of parameters to esti-
mate, the results are not unique if some measurement error is
admitted. It is indeed possible to obtain an even better match
with different values of the parameters. But the range over
which the values produce acceptable behaviour is fairly small.
For example, the first exponential must be characterized by
a small value of the coefficient multiplying E. For instance,
in Equation (13) the parameter, the value of which is 0.012,
cannot be larger than 0.020 otherwise the relationship does
not show any effect of the dynamics of the layer beneath. The
two equations show that the corresponding parameters have
values close to each other or at least congruent — the differ-
ences all lay within a factor of 2, and it is always Equation (13)
that has larger parameter values. The fact that the coefficient
multiplying E in the first exponential of both equations is
so far from the equivalent value shown in Equation (11) might
depend on physical reasons. Equation (11) does not distin-
guish between what happens under depositional and under
structural seal, whereas Equations (13) and (14) use the
same dynamics but refer to what happens under the depositional
seal. The depositional seal tends to develop in local depressions
where water accumulates. When water is standing above the
soil surface, it substantially adsorbs the energy of impacting
drops (Palmer, 1963; Torri et al., 1987). Such a difference might
be responsible for the differences between parameter values.
Another explanation may lie in the differences in pore-size
distribution between the two layers. We stated earlier that the
largest pores are generally more affected by the pressure wave
than smaller pores. The U-layer was initially characterized by a
large volume of large pores compared with the S-layer. Hence, if
the largest pores are also the weakest then the first exponential of
Equation (13) must be characterized by a smaller value of the
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coefficient of energy than in Equation (11). This might
explain a large part of the differences between the two
coefficients of E.

Alternatively, the differences can be explained by measure-
ment or procedural errors or both. For example, if the second
value of the U-elongated porosity is flawed (i.e. too small),
then Equation (11) could become

APgy = 15.4{1 — exp(—0.006E)}, (15)

with an exponent well in the range of the coefficients of E as
shown in Equations (13) and (14).

Pore-size distribution and fractal dimension

The equations discussed above represent the dynamic beha-
viour of elongated porosity but they give us a quantitative tool
for dealing with only one aspect of the pore system. Nothing
can be said about the pore-size distribution. Such knowledge
can be acquired if we study the dynamics of the fractal dimen-
sion of the pore volume because it represents the exponent of
the power function fitting the cumulative number-size distri-
bution. The problem, as usual, is the small number of observa-
tions (only five time frames). Hence, we first need to identify
a possible type of interpolator to reduce the range of choices.

In the previous section we have seen that there is a substan-
tial change during which the U-layer reaches its minimal
porosity under the given rainfall conditions, while the S-layer
reaches a situation of steady modification — where changes
continue to accumulate but at a constant rate (the oblique
asymptote represented by the accretion of the depositional
seal). Hence we need two different types of interpolators.
The changes in the pore system in the U-layer must end
quickly, and so the fractal dimension must become a constant
after a time. The S-layer keeps modifying, hence the fractal
dimension must also continue to modify. Interpolators such as
those of Equation (3) for the S-layer and Equation (11) for the
U-layer lead to the following results for the pore volume
fractal dimension:

S-layer: ADy = 0.03D + 0.14{1 — exp(—13D)} (16)
and
U-layer: ADy = 0.42{1 —exp(—3.2E)}. (17)

Figure 6 shows the increase of the pore volume fractal
dimension as a function of raindrop impact energy together
with the matching of Equations (16) and (17) to the respective
data. We can conclude that (i) the processes causing reduction
of porosity also cause differences in the spatial distribution of
the macropores (more homogeneous pore system with less
connected macropores and more mineral soil volume served
by each macropore per unit volume), and (ii) this change can
be described by equations of the same type as those used for
the elongated porosity. As discussed before, regarding the net
loss of macropores from the larger size classes, both the
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Table 1 Fractal dimensions of the pore surface roughness (Ds) and the pore volume (Dvy) at consecutive time intervals during the simulated rainfall

Dsg Dy
Macroporosity Regular pores Irregular pores Elongated pores Macroporosity
Cumulative Soil layer
rain /mm depth /cm Mean SD Mean SD Mean SD Mean SD Mean SD
0 0-3 2.534 0.012 2.539 0.010 2.197 0.014 2.181 0.052 2.576 0.305
3-6 2.541 0.008 2.550 0.010 2.137 0.015 2.207 0.072 2.490 0.097
22 0-3 2.562 0.011 2.570 0.004 2.157 0.008 2.160 0.005 2.722 0.048
3-6 2.538 0.013 2.542 0.002 2.141 0.019 2.227 0.078 2.675 0.205
71 0-3 2.547 0.017 2.555 0.006 2.123% 0.017 2.191 0.044 2.798 0.174
3-6 2.553 0.019 2.557 0.015 2.129 0.036 2.077 0.031 2.823 0.214
89 0-3 2.536 0.002 2.574 0.002 2.105% 0.011 2.130 0.028 2.744 0.144
3-6 2.558 0.006 2.555 0.015 2.112 0.020 2.028 0.110 2.936 0.015
172 0-3 2.565 0.023 2.568 0.016 2.139 0.027 2.080 0.008 2.836 0.444
172 3-6 2.547 0.007 2.553 0.013 2.099 0.004 2.220 0.045 2.873 0.183
Structural seal 0-3 2.558 0.005 2.550 0.009 2.186 0.030 2.179 0.041 2.820 0.199
0-1.5 2.601% 0.013 2.586" 0.010 2.165 0.009 2.246 0.133 2.808 0.055
172
Depositional seal 0-3 2.569% 0.006 2.568 0.010 2.148 0.024 2.216 0.054 2.730 0.150
0-1.5 2.578% 0.016 2.555 0.018 2.297 0.073 2.174 0.094 2.875 0.1245

“Marked values are significantly different from the initial ones at P <0.05.

decrease of elongated porosity and the increase of the pore
volume fractal dimension are two aspects of the same process
of loss of porosity. The increase of Dy means a decrease of
heterogeneity that can be associated with loss of macropores
from the larger size classes as a consequence of compaction.
Table 1 shows the values of the fractal dimension of the pore
surface roughness (Ds) and the fractal dimension of the pore
volume (Dy). Similar fractal dimensions, ranging roughly
between 2.1 and 2.2, i.e. close to 2.0 which is the fractal

dimension of a smooth surface, represent the surfaces of
irregular and elongated pores. While values for irregular and
elongated pores decrease slightly with accumulated rain, the
surfaces of regular pores, which are rougher and with fractal
dimensions ranging between 2.5 and 2.6, seem to become still
rougher.

The fractal dimension of the pore volume increases signifi-
cantly during the rain, i.e. the pore system becomes more
homogeneous, since more heterogeneous pore systems tend
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to have smaller values of Dy (Anderson etal., 1996). The
relative increase (i.e. difference from the respective initial
value) is continuous in the U-layer, whereas in the S-layer
it is sharp (during the first 22 mm of rain). Examination of
the fractal dimensions of structural and depositional seals
(0-1.5cm) shows that the structural seals are characterized by
rougher pore surfaces and more heterogeneous pore systems
than those in the depositional seals.

Conclusions

Rain affects soil macroporosity to a depth of at least 6 cm, but
the way and the rate at which macroporosity decreases at
the surface (0-3cm) differ from those in the layer beneath
(3-6cm). Hence, different mechanisms are to be considered
when modelling the processes in these two layers. In both
layers most of the variation in macropores is due to loss
of elongated porosity. The fractal dimension of the pore
volume increases in both layers. These observations were
used for improving the set of equations first given by Panini
etal. (1997).

The reduction of porosity in the U-layer seems to be due to
the pressure wave generated by the impacts of raindrops at the
soil surface. By supposing the pressure intensity at a given
depth to be proportional to the kinetic energy of the impacting
drop we found an equation describing the reduction of elon-
gated porosity. This has led us to modify one of the assump-
tions originally made by Panini ez al. (1997): the proportion of
elongated pores below the depositional seal is not constant but
varies because of the pressure wave. Hence, the parameters b
of the equations of Panini etal. (1997) can no longer be
considered constant. Once the equations are modified accord-
ingly, the observed data, including those found by Panini ez al.
(1997), are better interpolated.

The fractal dimensions of the pore volume increase regu-
larly, with an oblique asymptote in the surface layer and
a horizontal asymptote in the deeper layer. The way in which
soil macropores are distributed in the soil volume changes
during the rain, the pore system becoming more homogeneous
with smaller and less connected macropores.

The application of physico-mathematical techniques to the
dynamics of macropores represents a powerful tool for under-
standing the processes and their interlinkages. Unfortunately,
many data are required, while the processes show growing
complexities, leading to uncertain evaluations of the parameter
values.
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