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ABSTRACT

Fractal theory is increasingly being used to characterize aggregate
size distributions of seils. Our purpose was to compare indirect number-size
fractal dimension (D,, a fitting parameter), mass-size fractal dimension
(D), and mean weight diameter (MWD), as measures of soil aggregate
stability. Samples of a calcareous silty clay soil (Calcixerollic Xerochrept)
was treated with cationic, anionic and clay emulsion petrdleum mulches and
“krilium merloam” (krilium) which is a copolymer of viny'l acetate and
maleic acid. Application amounts were 0, 0.5, 1.0 and 1.5 g kg on dry
mass basis. Assuming cubic aggregates of constant dry density, D, was
estimated from cumulative size-frequency distribution data plotted on a log-
log scale and D, was estimated from cumulative mass-size distribution data
in the same manner. D, and D,, decreased with increasing amount of mulch
applications indicating an increase in aggregate stability as a result of the
addition of the mulch. The increase was most pronounced for the krilium,
indicating that this chemical was most effective for increasing aggregate
stability. Application of MWD, D,, and D, may lead to different conclusions
in the assessment of the effectiveness of the various chemicals for improving
soil aggragate stability. For less effective chemicals (petroleum mulches) D,

values (a fitting parameter) were a better indicator of differences in fragment
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distributions, while for more effective chemicals (i.e., krilium) MWD showed
the differences in fragment distribution better than D, and D,. Application
of krilium at amounts greater than 0.5 g kg' might have resultédin
aggregates with complete fragmentation properties, while the aggregates of
other treatmentes did not show this behavior. The D, (a fitting parameter)
may be used to describe the fractal behavior of the soil fragments with MWD
greater than 0.67 and 1.17. mm for petroleum mulch and krilium
applications, respectively. However, mass-size fractal dimensions failed to
show the effects of various rates of petroleum mulches on the fragment size
distributions. '

Key words: Petroleum mulches, Soil conditions.
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INTRODUCTION

Several numerical procedures have been proposed for characterization
of soil aggregate-size distributions. Fractals seem to be useful for describing
_ properties of porous media, particularly soil structure (2, 23, 24, 27, 28, 32).

Fractal parameters have increasingly become more important for quantifying
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and describing aggregate size distribution of soils. Its use in characterization
of aggregate size distribution provides a quantitative description of soil
structure and its stability. The results can also be used to evaluate effects of
soil conditioners on the stability of soil structure (16).

Fractal parameters can demonstrate specific dependencies of
measurable properties on the scale of measurements. For granular materials,
these dependencies can be represented by power law relationships between
mass m and radius R, porosity n and R, and surface area A and R (26). The
general ' equation is y=x" where vy is the mass fraction, porosity, or surface
area, X is the radius, and D is the fractal dimension. The fractal dimension is
thus a scaling parameter. In general, fractal dimensions are positive numbers
ranging from 0 to 3, with fractal behavior corresponding to 0<D, <3, and
0<D.<3 for mass and volume, respectively, and 0<D,<2 for surface area (24).
The power law is valid in a range of radii between so-called upper and lower
cutoffs Rpn.x and Rpj,. The ratio Ryey /Ruin theoretically must nof be less than
2I.|’D

Several soil properties have been shown to be fractal. Perfect and Kay
(17) indicated that fractal cubes may provide a more realistic representation
of soil aggregates. Particle size distributions were shown to be fractal by .
Tyler and Wheatcraft (27, 28), Bartoli ef al. (2), Niemeyer and Ahl (14),
and Wu et 'al. (31). Fractal scaling was demonstrated for soil aggregates by
Young and Crawford (32), Perfect and Kay (16), Perfect ef al. (18) and
Rasiah et al. (20). Eghball ef al. (6) characterized soil fragmentation due to
several tillage methods and cropping sequences using fractals. Mass-size
relationships were shown to be identical to direct number-size fractal
relationships for soil particles given in a specific range (19, 31). However,
Crawford ef al. (5) showed that there may l:;e differences between the
number-size fractal and mass-fractal dimensions. Rieu and Sposito (23)
showed that a. combination of fractal particles and fractal aggregates was a
useful schematization of soil structure. Pachepsky et al. (15) showed that the
fractal dimension, D, of pore surface area significantly increased due to
cycles of wetting and drying. Perfect and Kay (17) postulated that it may be
possible to predict the pore-size distribution of soil aggregates from brittle

.fracture data. Brakensiek and Rawls (3) and Rasiah ef al. (20) showed that
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the content of clay and sand particles in soil could be used to predict fractal
dimensions in pore number vs. size and aggregate mass Vs. size
dependencies. Bartoli et al. (2) ami Brakensiek et al. (4) noted that soil
microporosity and macroporosity appear to be fractal. Logsdon (8)
investigated a possible relationship between hydraulic conductivity and the
fractal dimension of aggregates.

Fractal parameters have been used recently to evaluate the application
of oily waste for improvement of soil aggregate stability (21). Van Bavel
(29) used the mean weight diameter (MWD) and Mazurak (11) used the
geometric mean diameter (GMD) to integrate aggregate-size distributions
obtained by mechanical sieving. Thes¢ methods were found to be biased
towards the la;ge aggtegates (MWD) .or towards the smaller aggregates
(GMD) (1). A less biased estimate of the water stable aggregate size
distribution (WSASD) was obtained by employing power function to describe
the relation between the cumulative percentage by mass of aggregates less
than a given diameter, W, and aggregate diameter, x (1). the power
function has the following form:

Wax=A(x)® (1
where A and B are constants. The magnitudes of A, and B are determined by
logarithmic transformation of the WSASD data and linear regressoin of
Inw., on Inx using the method of least squares. Baldoc and Kay (1) used the
B coefficient as the index of aggregate-size distribution.

Mandelbrot (10) defined the fractal dimension by a power-law function
between number and size of objcits as follows:

Noy=k(x)™® ' (21
where N>x is the cumulative number of objects greater than x and k is a
constant which is equal to Ny at x=1. D is the fractal dimension which
depends on the shape of objects within the distribution, and the overall
extent of frégnientation. ‘D can be calculated using number of particles in
each size class (D,) or mass of particles in each size class (D). At D=0,
the size distribution is dominated by one infinitely large object (16)."An
increase in D sigﬁifies that the number of small objects has increased at the
expense of the large ones. Turcotte (25) reported D values ranging from 1.44
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to 3.54 for different fragmented materials. For primary soil particles D was
reported to be greater than 3 (27). However, this might have been resulted
from the linear fitting procedure (21, 22). .

By equating Eqs. [1] and [2] and assuming kD/AB to be constant,. D
can be estimated as follows (17):
D=3-B 31
However, Perfect and Kay (17) questioned the assumption that kD/AB is
constant. When the shape of aggregates is assumed to be cubical with edges
of length x, the number of aggregates, N(x), is obtained by dividing the mass
of each fraction, w(x), by the mass of a single aggregate of length, X,
according to:
NE)=(W())/( (155 (41
where [ agg 1S the dry aggregate density. According to Perfect and Kay (16),
the magnitude of D appears to be independent of the Euclidean georhetry
used to describe the shape of the aggregates, i.e., the same results are
obtained whether spherical aggregates or cubical aggregates are assumed for
Eq.[4]. _

Moosavi and 'Sep'askhah (13) used MWD as measure for the effects of
different petréleum mulches and krilium on aggregate stability of a silty clay

soil, where MWD was computed using the equation:

{02y
MWD=")  wX; [51

Jj=1

where x; is the arithmetic mean of the j-1 fraction, j is the sieve opening,
;ud W) is the proportion of the total sample mass occurring in that fraction.
The present study was initiated to evaluate the original data reported by
Moosavi and Sepaskhah (13) by using indirect number-sike fractal dimension
(Dy,) or the indirect mass-size fractal dimension (Dy) and to evaluate whether
or not the application of MWD, D, and Dy, leads to different conclusions in
the assessment of the effectiveness of various chemicals for improving soil

aggregate stlabilily.
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MATERIALS AND METHODS

Soil samples (a silty clay, thermic Calcixerollic Xerochrept) from pots
of a greenhouse experiment were used for determination of aggregate
stability. The soil was mixed with anmionic, cationic, clay emulsion, or
krilium mulches at amounts of 0, 0.5, 1.0, and 1.5 g kg™ (mass basis) before

- putting it in pots to be planted with sugarbeet seeds. General characteristics

of petroleum mulches are given in Table 1.

Table 1. Some general properties of the petroleum mulches.

Ingredients and Type of mulch

properties

Anionic emulsion Cationic emulsion  Clay emulsion

Asphalt (kg kg™') 0.50 0.60-0.64 0.48-0.50
Water (kg kg™) 0.45-0.47 0.33-0.40 0.48-0.50
Emulsifier (kg kg™)  0.2-0.03 0.005-0.041 0.02-0.03
Type of emulsifier Vinsol.resin Fatty amine Bentonite
pH 10-12 2-3 6-7
Hydrophobicity Moderate Moderate Low

Details of the experimental procedure were given by Moosavi and
Sepaskhah (12). After harvesting the plants, roots were carefully removed
from the moist and friable soil. To determine mean weight diameter (MWD)
of aggregates at wet sieving conditions, the soil was air dried to a
gravimetric water content of 25 g kg™ and passed through a 16-mm sieve
(30). The wet sieving and soil handling was done carefully so that the soil
was not crushed during the sieving process. One hundred gram samples were
used in this study. Mean weight diameter (MWD) of aggregateé were
determined according to the procedure described by the Committee on
Physical = Analysis (30) and Eq. [5]. The indirect fragmént number-size
- fractal dimehéion, D, was calculated using Eq. [2] and the'indirect mass-size
fractal diméh;ion,---Dm, was estgmﬁted using Eq [4], assuming a fragment dry

density of 1.63 Mg m? (16). This value was reported for a silt'loam soil

105



Sepaskhah et al.
which may not be exactly the same as our soil. However, the results of D
calculation may not be erroncous since D values are shown to be insensitive
to dry density of aggregates (21). The reduction in estimated D values based
on variable fragment dry density (1.5-1.77 Mg m") for large and small
fragments, respectively, according to Eghball et al. (6) in comparison with
those from an average value of aggregate dry density of 1.63 was at most

4.5%, which is not significant.

RESULTS AND DISCUSSION

Results of the analyses of variance for D,, MWD, and D, are
summarized in" Table 2. In general, MWD was much more variable than D,.
The coefficients of variation (CV=standard deviation/mean) from the
analyses of variance were 0.29 and 0.07 for the MWD and D, indices,
respectively. Application amounts had the dominant effect on MWD and D,,
but mulgh type had the dominant effect on the MWD and D, indices. In
other words, MWD was approximately equally sensitive to mulch type and
amount. The interaction between mulch type and application amount
[(M)(A)] was more significant for the MWD and Dy, than for the D,. These
results indicated that the MWD and D, were more sensitive to the type of
mulch than the D, and that D, and MWD were more sensitive to the

application amounts than D,,.

Table. 2. The F values from analyses of variance for the indirect number-size
fractal dimension (D,, a fitting parameter), mass-size fractal
dimension (D,), and mean weight diameter (MWD) of different

mulches and application amounts.

Dependent variable

Indirect number-size Indirect Mass-size. Mean weight

fractal dimension fractal dimension  diameter
Source df D, Dy MWD
Mulch type (M) 3 13.27%* 47.12%* 55.60%*
Application
amount (A) ! 3 35.44%+ 11.13%* 42.87**
(M)(A) 9 2,58+ 6.53%+* 13.37%*
Rep. 2 1.30 ) 0.43 1.07

*,** GSignificant at the 0.05 and 0.01 probability levels, respectively.
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The D, indicated that .the amounts of 1.5, 0.5 and 0.5 g kg of
anionic, cationic = and clay emulsion mulches, respectively, were effective in
improving aggregate stability (Table 3). The MWD results indicated that
application of anionic mulch was not effective, but cationic and clay
emulsion mulches increased the stability at the amountsof 1.0 and 1.5 g
kg', respectively. Based on the MWD analysis, krilium, a very good
aggregate stabilizer, increased the stability of the aggregates at the amounts
of 0.5to 1.5 g kg''. However, according to the results of the D, analysis, the
stability of aggregates treated with krilium were not different at the amounts

of 0.5 and 1.0 g kg™’ and at the amounts of 1.0 and 1.5 g kg™

Table 3. Mean weight diameter (MWD), indirect number-size fractal
demension (D, a fitting parameter), and mass-size fractal
dimension (D,), as affected by incorporation of different

amounts of petroleum mulches and krilium into the soil.

Amount of Anionic Cationic Clay emulsion Krilium
application emulsion emulsion
(g kg™)
(MWD-mm)
0.0 0.200 ef* . :0.134f 0.153f 1.188ef
0.5 0.398cde '-0.307def- 0.272def 0.560¢
1.0 0.325cdef 0.507cd 0.360cdef 1.274b
1.5 0.401cde 0.462cd 0.505¢cd 1.754a
(D.)
0.0 4.03ab 4.42a 4.37a 4.32a
0.5 3.65bc 3.65bc 3.79bc 3.20de
1.0 3.62bcd 3.56cd ~ 3.65bc 2.84ef
1.5 3.55cd 3.61bcd 3.39cd 2.58f
(D) ,
0.0 2.79ab 2.88a 2.83ab 2.80ab
0.5 2.77ab 2.79ab 2.79ab 2.56¢
1.0 2.83ab 2.76b 2.79ab 2.41d
1.5 2.84ab 2.79ab 2.74b 2.33d

* Means within each part (MWD, D,, D,) followed by the same letter are not
significantly different at the 5% level of probability by LSD.
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The MWD analysis showed that only krilium at the amounts of 1.0 and -

1.5 g kg' was superior to other mulches, while D, indicated that krilium
increased aggregate stability more than other mulches at all application
amounts. Tyler and Wheatcraft (27) reported that the value of D, for soil
primary particles is greater than 3 while Dn of these particles is 1355 than 3
(28). Therefore, the value of D, for stable aggregates should be less than 3.
Having this in mind, the addition of krilium at amounts of 1.0 g kg™’ or
higher clearly increased the stability of the aggregates. Kozak-et al. (7)
shpowed that in a particle size distribution when relatively small mass is
associated to large fractions, the value of D is greater than 3, however, value
of D smaller than 3 may be obtained when relatively large mass is associated
to large fractions. For such distribution, the corresponding D can not be
considered as a parameter of fractal fragmentation according to Turcotte (25)
model. In this case, D is merely a fitting parameter.

Fragmentation fractal dimentions obtained from aggregate-size
distribution have been correlated to the breakdown of individual aggregates
(16), and are shown to be sensitive to soil structural conditions as affected
by cropping sequences and tillage methods (6, 20, 21).

Relationships between the D, and the MWD and D, obtained by
regression analysis are shown in Table 4. The relationship between D, and
MWD for sample treated with petroleum mulches was different from those
treated with krilium which is a more effective mulch for aggregate stability.
Intercept values of the relationship for all samples treated with petroleum
mulches and -for krilium treated samples were 4.55 and 4.16, respectively.
These values are in agreement with results reported by Perfect and Kay (16)
for a silt loam soil. The slopes were -2.32 and -0,-99 for petroleum mulches
and krilium treated samples, respectively. These values are smaller than
those reported by Perfect and Kay (16) for a silt loam soil, suggesting that
the model for prediction of D, may vary with different types of mulch. The
relationships (intercepts and slopes) between the D, and MWD of samples
treated with petroleum mulches (except anionic) were not different from
those of krilium (Table 4).

. ‘For all samples treated with petroleum mulches, the model for D, and
MWD explained 83% of the total variations, indicating that the D, is-equally
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as good as the MWD (r2=0.83), and much better than the D, dimension

(r?=0.42), as a fractal descriptor with appropriate range (0<D<3). Similar
results were reported by Kerfect and Kay (16). For krilium treated samples,
the model for Dn and MWD also explained 83% of the total variations, again
indicating that the D, is equally as good as the MWD (r2=d.83). For all
treated samples (except anionic) the model D, and MWD also explained 78
to 94% of the total variations, indicating that the Dy is equally as good as
the MWD.

Table 4. Relationships between indirect number-size fractal demension (D,,
a fitting parameter), mass-fractal dimension (D), and mean
weight diameter (MWD).

Dn Dm
Type of mulch Regression equation R Regression equation R
Anionic D.=4.42-2.13 (MWD) -0.93* T
Cationic D,=4.58-2.18 (MWD) -0.90* Dp=2.91-0.28 (MWD) -0.93*

Clay emulsion D,=4.66-2.68 (MWD) -0.96* Dn=2.87-0.24 (MWD) -0.97*
All petroleum

mulches Dy=4.55-2.32 (MWD) -0.91** Dy,=2.88-0.26 (MWD) -0.88***

Krilium Dy=4.16-0.99 (MWD) -0.91* Dk=2.79-0.28 (MWD) -0.96**

* %% ¥*%  Sigpificant at the 0.05, 0.01 and 0.001 probability levels,
respectively.

T Correlation was not significant.

For petroleum mulch applications, D, values were different at the
various application rates. Therefore, it was not possible to show the effect of
mulch application on the increase of aggregate stability. This might be due
to the aggregate size smaller than 0.5 mm as shown by MWD (Table 3).
However, for krilium application, Dy values were different at the various
application rates similar to those obtained by MWD, but Dy values were
similar for application rates of 1.0 and 1.5 g kg of krilium, which is not
similar to those obtained by MWD. The results of D, (fitting parameter)
showed the differences in the fragment size distributions at the various
application rates of petroleum mulches more precisely than the MWD for
different krilium application rates.

The direct estimate of the fractal dimension D from mechanical
sieving data was proposed ‘by Turcotte (25), Tyler and Wheatcraft (27, 28)
and Perfect and Kay (16). The number based on fitting parameter (D,) was
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reported to be semsitive to the selected size fractions and scale invariant
particle density assumption (28). Therefore, the estimation of fractal
dimension (fitting parameter) based on indirect determination of particle
number through apparent bulk density of aggregates, may result in values of
D, greater than 3.0, as reported by Tyler and Wheatcraft (27). The values of
D greater than 3.0 have also been reported by Rasiah and Biederbeck (21)
and Rasiah ef al. (22) due to linear fitting procedure, However, the D, values
for krilium with application amounts of greater than 0.5 g kg™ were smaller
than 3.0 and were also in agreement with Dn (Table 3). According to the
equations in Table 4 the MWD for D, values (a fitting parameter) being
appropriate for aggregate stability analysis are 0.67 and 1.17 for petroleum
mulches and krilium applications, respectively. Furthermore, the estimation
of D,, based on direct determination of particle number, resulted in values of
D, smaller than 3.0 which were in agreement with those obtained by mass-
size distribution analyses (D) for a particle diameter range of 0.5 to 32 mm
(19). It was shown by Crawford et al. (5) that for the fragmented
aggregates, the value of D, may be in the range of 0<D,<3. This may occur
for the aggregates with diameters greater than 0.5 mm 3s shown in Table 3
and by Perfect er al. (19). Crawford et al.(5) also indicated that for
incompletely fragmented aggregétes, the fractal dimension (fitting
parameter) may be overestimated (>3.0) if the fragmentation probability
increases with aggregate diameter. Therefore, it may be concluded that
application of krilium at amounts of greater than 0.5 g kg™ resulted in
aggregates with complete fragmentation properties. Several possible
explanations of D>3 were also offerred by McBratney (9), Rasiah et al. (20)
and Kozak et al. (7) .

CONCLUSIONS

Application of MWD, D, and D,, may lead to different conclusions in
the assessment of the effectiveness of various chemicals for improving soil
aggregate stability. For less effective chemicals (petroleum mulches) D,
values (a fitting parameter) were a better indicator of diﬁ‘ere_nces in fragment
distribution, while for more effective chemicals (krilium) MWD showed the

differences in fragment-size distributions better than Dy and D,,.
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The D, (a fitting parameter) decreased with increased application

amount of mulches. The decrease was most pronounced and consistent for
krilium which is known as an effective aggregate stabilizer. The smaller
value of D, indicated that more large aggregates were present in the sample
being analyzed showing greater effectiveness of the mulch and of the amount
of application. The analyses of variance of D, showed smaller variability
(smaller coefficient of variation) than was obtained with D, or MWD, The
D, parameter was less sensitive to type of mulch than MWD and D, but
along with MWD, it was more sensitive to application amount than D,. The
D, values were well correlated with MWD values for all types of soil
conditioners. but the slope of regression equation was much smaller for
krilium than those of other mulches. The D,, values .were well correlated with
MWD values for applied conditioners except anionic emulsion, and the
coefficient of regression equations were similar. Furthermore, it was
concluded that the application of krilium with amounts of greater than 0.5 g
kg resulted in aggregates with complete fragmentation properties, while the
aggregates of other treatments did not show this behavior. The results also
indicated that the D, (a fitting parameter) may be used to describe fractal
behavior of the soil aggregates with MWD of 0.67 and 1.17 mm for
petroleum- mulch and krilium applications, respectively. However, D, failed
to show the effects of different rates of petroleum mulches on the fragment

size distributions.
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