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Chapter 9 – Spatial Variability of Soil Physical Properties

• Expressing Variability

• Probability Distributions

• Measured Variabilities

Soil varies naturally.
They are a product of the factors of formation and continuously change over the earth’s surface.

Expressing Variability:

Usually one can determine variability using only a sample of the total population.

One can say something about the mean and variation (standard deviation) of a specific soil physical
property of a population, by measuring that physical property for a limited number of soil samples,
which together make up the sample of the population.

Collect N soil samples with the physical property z1, z2, z3, z4, ………. zN

( e.g. let z1 be the bulk density of soil sample number 1)

Then, the mean ( m ) is defined as
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and the variance is defined as s2.

The coefficient of variation (CV) is defined as the ratio of the standard deviation over the mean, or
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What do these statistical properties tell us:

1. The Mean tells us about the average value of the soil property

2. The Standard Deviation gives information about the scatter around the Mean

3. The Coefficient of Variation  normalizes that variation, so that variations of properties with different
mean magnitudes can be easily compared

Other statistical properties include the mode (most frequently measured value), kurtosis (skewness of
distribution), median (1/2 of z-values are smaller and ½ of z-values are larger than median).

None of these properties either by themselves or combined say anything about the type of distribution
from which the samples are derived (frequency or probability density function).
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Probability distributions

The population is more completely defined by its frequency distribution, which includes the mean and
variation values:

Mean, Median, Mode
       40

Nr. of
observations

Experimental
Data Standard Deviation

       20

       0
     1.2 1.4     1.6

Bulk Density, g/ cm3

For example, the frequency distribution of bulk density might be normally distributed, or
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where f(Z) is defined as the probability density function, which describes the frequency distribution as
measured (see figure).

The cumulative distribution function, F(Z) is defined as:
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Alternatively, we can say that the area under the curve of f(x=∞) is always equal to 1.0

       1.0

  P(Z1<Z<Z2)

   F(z)

       0
-∞  m    Z1                Z2               Z      + ∞

Also, use the figure of above to confirm that:
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The probability Table (will be used in the laboratory) is based on normality of the distribution. However,
rather than using the variable z, the standard normal deviate (µ) is defined:

s
mz −

=µ   ,     so that these tables can be used for any normally distributed variable,

  independent of its mean or standard deviation
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The standard normal distribution is a normalized distribution, which has a mean (m) of zero and standard
deviation (s ) of one, or µ = N[0,1].

However, normality is only one of the many type of distributions that have been described analytically.
Others are Poisson Distribution, Beta and Gamma Distribution, Gumbel Distribution, and Lognormal
Distribution:

Log-normal distribution:
(of saturated hydraulic conductivity)

     Mode=1.25

# of
Observations

Median = 8.33

Mean=21.52

  0 10 20 30 40
Saturated hydraulic conductivity, cm/day

If a soil property (z) is log-normally distributed than the logarithm of this property (lnz) will be normally
distributed. In that case, the mean, median and mode are different:

Let mlnx be the mean of the lnz values and slnx be the standard deviation of the log-transformed z-values,
then:

Mode = exp (mlnx  - s2
lnx)

Median = exp (mlnx )
Mean = = exp (mlnx  + 0.5s2

lnx)
Variance = Mean2[exp(s2

lnx ) - 1]
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How do you determine that a set of soil physical observations is normally or lognormally distributed ??

This is done by constructing a fractile diagram:

1. Rank the values of the variable from low to high in ascending order,

2. Compute the cumulative probability distribution of z as approximated by

N,..,1i,
N

5.0i
Pi =

−
= , N = total number of observations.

3. Determine the standard normal deviate (µi) for the distributed variable from the standard normal
probability table, i.e. P[µ < µi], for each value computed in 2 above.

4.   Plot the standard normal deviate (µi) determine in 3 versus the variable z,

5. Repeat, but in instead of z, do the ranking and probability calculations for lnz,

6. Repeat step 4,

7. The plot with the straight line relationship is normally distributed.

lnz, z = saturated hydraulic conductivity
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z, saturated hydraulic conductivity

An example of how to do these calculations for the fractile diagram are given in the following table:
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Measured Variabilities:

Bulk density and porosity: CV = 7 – 10 %

Particle size and θ at 0.1 – 15 bar: CV = 10 – 100 %

Ksat, K(h), pore water velocity and EC (salinity): CV = 100 – 1000 %

In general: Static soil properties are normally distributed and dynamic soil properties are log-normally
distributed and have larger CV’s.

If the distribution is normal, the minimum number of samples (N) required to estimate the mean of the
soil property within a pre-defined percentage of the true value (d = m in %) at a certain confidence level
(α) can be determined from the following expression:
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where Xα is the normal deviate corresponding with confidence interval or probability of making an error:

α Xα

________________

0.05 1.96
0.10 1.65
0.50 0.84

Example:
m = 9.5
s = 3.1
d =  (0.15)( 9.5) = 1.4       (15% of the mean)
Confidence level (α ) = 0.05

Then: N = (1.96)2 (3.1)2 / (1.4)2  = 19
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Consequently, the soil properties with the lowest CV requires the least number of samples to be taken
to estimate their mean value within a certain percentage at any significance level.

If 10 % uncertainty of the mean is allowed, and for a 0.05 significance level (experimental data):

 
Property N
__________________________

Bulk density 2
0.1bar water content 61
15 bar water content 98
Clay (%) 110
Silt (%) 150
Sand (%) 53
Hydraulic conductivity 1,300


