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Abstract

Productive and healthy soils are essential in agriculture and other economic uses of land which
depend on plant growth, and are under increasing pressure globally. The physical properties
of soil, its porosity and pore structure, also have a significant impact on a wide range of
environmental factors, such as surface water runoff and greenhouse gas exchange. Methods
exist for evaluating soil porosity that are applied in a laboratory environment or by inserting
sensors into soil in the field. However, such methods do not readily sample adequately in
space or time and are labour-intensive. The purpose of the current study is to investigate the
potential for estimation of soil porosity and pore size using the strength of reflection of audio
pulses from natural soil surfaces. Estimation of porous material properties using acoustic
reflections is well established. But because of the complex, viscous interactions between
sound waves and pore structures, these methods are generally restricted to transmissions at
low audio frequencies or at ultrasonic frequencies. In contrast, this study presents a novel
design for an integrated broad band sensing system, which is compact, inexpensive, and
which is capable of rapid, non-contact, and in situ sampling of a soil structure from a small,
moving, farm vehicle. The new system is shown to have the capability of obtaining soil
parameter estimates at sampling distances of less than 1 m and with accuracies of around 1%.
In describing this novel design, special care is taken to consider the challenges presented by
real agriculture soils. These challenges include the pasture, through which the sound must
penetrate without significant losses, and soil roughness, which can potentially scatter sound
away from the specular reflection path. The key to this new integrated acoustic design is an
extension of an existing theory for acoustic interactions with porous materials and rigorous
testing of assumptions via simulations. A configuration is suggested and tested, comprising
seven audio frequencies and three angles of incidence. It is concluded that a practical, new
operational tool of similar design should be readily manufactured. This tool would be
inexpensive, compact, low-power, and non-intrusive to either the soil or the surrounding
environment. Audio processing can be conducted within the scope of, say, mobile phones.
The practical application is to be able to easily map regions of an agricultural space in some
detail and to use that to guide land treatment and mitigation.

Keywords: soil physics; precision agriculture; soil quality; non-contact acoustic sensing of
soil properties

1. Introduction
This work is aimed at providing a new, readily accessible technology for rapid non-

contact assessment of soil physical health for primary industries.
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1.1. Why Knowledge of Soil Physical Properties Is Important

Soil is the connection between the atmosphere and ground water, root systems, and
sub-soil biological and chemical processes. Central to this connection is the degree to which
air and water can penetrate soil. This is primarily measured by soil porosity, ϕ, or the
ratio of void volume to the total volume of a soil sample, which is an important factor
in maintaining good soil health [1–3]. Soil porosity governs water and air exchange and
water access through crops and pasture [4–6]. This also affects movement of nutrients
and contaminants via overland flow to rivers and streams and the emission of greenhouse
gasses [7]. Farm machinery and animals induce compaction, which limits porosity and
the size and density of pores [8,9]. Such compacted soils show decreased plant and crop
productivity because of poor drainage and limited root growth [10]. Compaction and
erosion cause degradation in around 52% of the world’s agricultural land [11].

Increased volumes of freshwater contaminants, such as sediment, nutrients, and
microbes, result from soil compaction [11–15]. This damages the soil structure by reducing
the soil pore volume (small air-filled gaps or channels within the soil) and pore connectivity
(the degree to which the pores within a soil matrix are connected). Negative impacts on
total pore volume and pore connectivity due to compaction also reduce soil aeration, which
increases anaerobicity, exacerbating greenhouse gas (GHG) emission [12,15]. In moving
towards more sustainable land use systems, the identification of physically degraded soils
is a critical first step to enable targeted management. There are significant economic [16]
and environmental impacts [17] of such assessments.

The spaces, or pores, between soil particles are not simple cylinders. Some additional
soil physical parameters include tortuosity, α∞ (the length of a pore following its path,
divided by the shortest distance between the two ends of the pore) and the pore radius rpore.
Larger pores (macropores) are important for promoting good aeration and rapid infiltration
of rainfall, while smaller pores (micropores) are crucial for absorbing and holding water,
which is accessible to plants. Connectivity between pores determines how easily water and
nutrients move through the soil, affecting the overall soil structure and functions.

In practice, there are a wide range of pore geometries, but usually a single porosity
value, tortuosity, and a characteristic pore radius are assigned to a soil sample. However,
there are wide spatial and temporal variations, depending on land management [8,18]. It is
therefore important to measure soil physical properties at many sub-paddock-scale sites to
assess if current land use and practices are sustaining soil health and have limiting impacts
on the environment and food production.

1.2. Traditional Measurement Methods for Soil Physical Properties

The traditional methods for measuring soil porosity include measuring the extra mass
of water that is required to saturate a soil sample; use of a pycnometer to measure the air
volume in the pore space for a soil sample in a gas-tight chamber; and compression of a soil
sample to estimate the solid volume of soil [19,20]. Such methods necessitate significant
investments in time and labour [21]. These existing methods also provide fragmentary
information in time and space and offer a limited capacity to assess variations in soil health.
Non-contact, or proximal, sensing on the other hand potentially provides much more data
at a lower cost and can be designed to be usable by land managers and farmers.

Currently, soil pore size and pore connectivity measurement are invasive methods [22].
For example, details of pore connectivity can be measured via X-ray imagery [23], but this
requires specialised equipment in a laboratory environment. Nevertheless, pore size is a
significant parameter in estimation of hydraulic flow [24].
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1.3. Acoustic Measurements of Porous Material Physical Properties

When a sound in air meets the surface of a porous material, the oscillating air moves
within the pore spaces. This movement can be dominated by viscous flow if the Reynolds
number is low, or equivalently the sound frequency is sufficiently low.

Soil physical properties affect the speed of sound and consequently absorption, disper-
sion, and reflection [25]. Some examples include estimating the porosity of soil samples in the
laboratory via the reflection and sound speed of ultrasonic pulses [26], capacitive sensing [27],
and sensing dispersion [28]. The non-invasive methods include research on sound propa-
gation over large distances affected by ground reflections [29–31], although researchers are
usually interested in the effect on sound intensity rather than on estimating the soil properties.

The fundamental theory for the interaction of sound with a porous material interface
is very well established [32,33], and corrections to the original Biot model have been
developed from the first principles [34]. Some extensions of this work include determination
of the characteristic thermal and viscous lengths [35], and comprehensive overviews [36]
in particular [37], and a detailed description of the acoustic flow within pores [38]. It is
evident that viscous and thermal effects are complex, and in general depend on pore shape
and orientation, as well as pore size [34]. This has led to a number of simplifications, such
as the introduction of effective density and effective bulk density [39], tortuosity [40], and
flow resistivity [41]. The result is the identification of a critical frequency fc, which separates
low-frequency and high-frequency asymptotic regions [39,42–45]. This critical frequency
is proportional to σ, flow resistivity. A review of in situ and laboratory evaluations of
pore structure [22] includes methods based on volume [27,46–48]; both transmission and
reflection [45,49–51]; and reflection alone [52–54]. Of these, only the reflection methods
lend themselves to proximal sensing.

Reflectivity is a measure of the difficulty of sound penetration through a porous
interface. At high frequencies, reflectivity depends on porosity (the fractional volume of air
in the soil pores), tortuosity (the extent of twists in the pores), and the angle of incidence of
the sound, but not on acoustic frequency or pore size [39,55]. At low frequencies, reflectivity
depends on porosity, tortuosity, and the angle of incidence, as well as on acoustic frequency
and pore diameter [56].

These interactions of sound waves with a porous surface can be determined with a
range of in situ and laboratory methods to measure the surface’s morphological character-
istics [22]. Of these, only the reflection methods, which are applicable at high frequencies,
lend themselves to proximal sensing. At higher acoustic frequencies, measurements at
two or more angles of incidence allow for the estimation of both porosity and tortuos-
ity [52,53,57], whereas at low acoustic frequencies, flow resistivity can be estimated via
reflection of sound [58]. Flow resistivity is related to the characteristic or average pore
radius [22]. This suggests that a combination of ultrasound and low acoustic frequencies
could yield estimates of porosity, tortuosity, and pore radius.

Figure 1 shows the random error or difference in direct, selected measurements made
of acoustic reflections from a variety of porous materials. This selection is intended to be
indicative, rather than exhaustive; for example, there are many outdoor sound investigations
of acoustic reflections, but these have not been included because they generally discuss
their results in terms of received signal spectra rather than soil parameters. Also, the data
shown in Figure 1 have been recorded in a number of ways, and the uncertainties most likely
depend somewhat on the techniques used. The measurements fall largely into two spectral
regions: frequencies below 1 kHz providing estimates of flow resistivity σ, and frequencies
above 20 kHz providing estimates of porosity ϕ and tortuosity α∞. The exceptions are the
estimates of porosity by Umnova [45] using frequencies from 1 kHz to 10 kHz. However,
these measurements were on a lead shot of 1 mm and 2 mm radius, foil having pores of



Agriculture 2025, 15, 2146 4 of 24

1 mm radius, and gravel of 9 mm typical dimension. For these cases, the pore radius is
much larger than is typical of foams and soil, and so fc is much lower than for the other
measurements shown. It is also possible that the very high uncertainties for the gravel and
the 2 mm lead shot are due to the theory not being accurate for such open structures. Another
unusual case is the measurements by Sadouki [51] (shown as magenta circles) at frequencies
of 50–70 Hz from which porosity values were deduced. However, in this case, a value of
σ from direct measurements was assumed. Nevertheless, this selection of measurements
show that measurement uncertainties about the physical parameters of porous materials can
generally be below 10% and that such measurements are widespread and accurate.

1.4. Acoustic Measurements of the Reflectivity of Soil

Acoustic reflectivity has been used to assess the acoustic properties of a wide range of
materials, including synthetic foams [35,59], snow [60], concrete [61], meteorites [62], and
bread crumbs [63]. However, in all these applications, the interface differs vastly from that
of natural soils by being naturally or artificially smooth. Also, natural soils will generally
have vegetative cover and be moist. Generally, the pores are not expected to be filled with
water since the water table is likely to be below the penetration depth of sound [64].

A pasture potentially will affect acoustic reflections. Ultrasound has been used for
estimating pasture biomass, although ultrasound has generally been used to sense the top
of pastures, rather than penetrating through [21]. Legg and Bradley [65] used ultrasound
in the frequency range 20–35 kHz to penetrate pastures over natural agricultural soils.
Penetration to the soil surface was clear at 20 kHz, but reduced with increasing frequency,
suggesting that proximal sensing of soil porosity may be possible through vegetative cover
only at low ultrasound or high audio frequencies. One interesting experiment used a
parametric speaker with a carrier frequency of 44 kHz and audio in the range 500–5000 Hz
to penetrate a densely vegetated “green wall” [66], but because of the non-linear parametric
process, it was difficult to estimate the degree of penetration of either ultrasound or audio.

Figure 1. Acoustic estimations of soil flow resistivity σ (squares and horizontal lines) and porosity ϕ

and tortuosity α∞ (circles). Measurements in red shaded region generally have Ω >> 1, and those in
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blue shaded region generally have Ω << 1. Circles are red [54], blue [55], green [63], cyan [60],
yellow [67], and magenta [68]. Horizontal lines are red [61], blue [58], and green [69,70]. Cyan
squares are [51]. Lines terminated in circles are estimates of ϕ: yellow (2 mm diameter lead shot), red
(foil with 1 mm pore radius), cyan line (4 mm diameter lead shot), and magenta (gravel of typical
diameter 9 mm) [45].

A rough surface can masquerade as high-porosity because of its low specular re-
flectivity caused by the diffuse scattering of sound. Kaźmierowski et al. [71] review the
methods used to measure fluctuations in soil height, as well as describe use of UAV pho-
togrammetry at field scales. In their field study, the standard deviation of soil surface
height was 14–33 mm. Numerical modelling is described by Isakson and Chotiros [72].
Thomsen et al. [73] compare five different methods to measure roughness in the field in 1
m2 agricultural plots with different management (ploughing, harrowing, foresting, and
direct seeding on stubble). Two contact methods, roller chain and pinboard, were used,
as well as three optical methods, stereo-photogrammetry, laser scanning, and a structural
light method. Their results show a standard deviation of soil height around 10–30 mm.
This range of soil roughness and that from Kaźmierowski et al. [71] relate to ploughed
and other very rough surfaces, and are greater than expected from pasture land, although
large-scale, non-random depressions are important in affecting surface depression storage,
water infiltration, and overland flow [74]. An acoustic method, scanning with a microphone
over a dynamically rough water surface to obtain a roughness profile at the mm scale, is
described by Krynkin et al. [75], but it is unclear whether this method could be applied to
soils. Oh and Stiles [76] estimated soil roughness using two separate measurement tools, a
laser profilometer system, which provides digital profile data directly, and a painted paper
profiler, which converts digitized data in the lab. These field studies give the background
parameters required to estimate the extent of scattering of sound by a natural soil surface.

Elfouhaily and Guérin [77] review a comprehensive range of approximate scattering
models and modelling approaches, whereas Darmon et al. [78] give a more recent review
concentrating more on outdoor sound propagation. Scattering is in the high-frequency
regime if kσh >> 1, where k is the acoustic wavenumber and σh is the standard deviation
of surface height [79,80]. A common approximation in this regime is that the surface
slope is small [81–84], or we assume that acoustic scattering is similar to geometric optics
scattering [85,86]. These approximations are potentially valid for proximal sensing by
ultrasound of scattering from soil that is randomly rough.

Figure 2 shows a comparison between the porosity values estimated from 25 kHz
reflections and direct measurements by the gravimetric method (adapted from [67]). These
results are from five measurements of bare soils in pans in a laboratory, having level
surfaces, and three measurements of natural soil surfaces on farmland. The measurements
at the field sites are from one site with grass removed and one site before and after grass
was removed. For this latter site, the removed pasture had a biomass of 0.22 kg m−2 (or
2200 kg ha−1 of dry matter), which is typical of dairy farm pasture loads. There are a
number of pertinent features to this figure: there is no systematic bias (the linear regression
line matches the 1:1 line); the estimates of natural field soils are only marginally poorer
than over bare soil; the effect on the estimates of pasture is negligible; and the overall rms
uncertainty for all the samples is 0.042.

The same measurements were examined for the effect of soil surface roughness on
porosity estimation errors (Figure 3). The standard deviation of surface height, σh, was
estimated optically and from acoustic scattering, and the abscissa is a scattering parameter
kσh, where k is the acoustic wavenumber. Again, the field measurements, including the
sample covered with pasture, do not stand out as outliers.
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Figure 2. Porosity estimated from reflected ultrasound compared with direct (gravimetric) measure-
ments [67]. Circles: lab measurements of 5 bare soil samples in pans. Squares: measurements of bare
soil at 2 field sites. Green diamond: measurements of soil covered with grass weighing 0.22 kg m−2

(2200 kg ha−1 DM). Dashed blue line: linear least squares regression. Solid blue line: 1:1.

Figure 3. Effect of surface roughness of rms height variation σh (k is acoustic wavenumber). Measure-
ments are displayed as in Figure 2. Linear least squares regression line is shown in black.

The use of lower audio frequencies would ensure good penetration of sound through
vegetation and reduced scattering by rough soils [67]. However, the acoustic frequencies
typically used for flow resistivity estimation are in the range 50–200 Hz, having wavelengths
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of 2–7 m. This is problematic operationally for a proximal device operating at only 1 m
from the target soil surface.

1.5. Purpose and Structure of This Paper

The purpose of the current work is to explore the potential of proximal sensing of
soil pore radius in addition to porosity and tortuosity. This requires an extension of the
previous work by Bradley et al. [56,67] to include frequency dependence, and based on the
above discussion, work with frequencies which are operationally practical. The goal is to
develop a technology which can be applied at the paddock or farm scale that is a sensor
mounted on a small farm vehicle.

2. Theory and Simulations
The aim is to estimate soil physical properties by using sound reflected from the soil

surface, without disturbing the soil. This potentially will allow for rapid assessment of soil
physical health using a farm vehicle or drone. The proposed operational setup is shown
schematically in Figure 4. A sound pulse of frequency f is incident on the soil surface at
an angle of incidence θ from a directional speaker, and the reflected sound is measured in
the specular direction by a directional microphone. The ratio of the reflected pulse to the
transmitted pulse is the plane wave reflection coefficient R. Some sound is transmitted into
the soil, so the amplitude |R| ≤ 1. In general, there is also a phase change upon reflection,
including absorption.

 

Speaker Microphone 

θ 

θ 

Figure 4. The measurement configuration.

2.1. Approximations for the Plane Wave Reflection Coefficient R

Bradley et al. [56,67] express R in the form

1 − R
1 + R

= ϕ
ρ0

ρe

√
ρe

ρ0

Ka

Ke
(1 + X)− X, (1)
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where
X = tan2θ, (2)

ϕ is the soil porosity, ρe is an equivalent soil density and Ke is effective bulk density
(allowing for soil porosity), Ka is the bulk modulus of air, and ρ0 is air density.

Brennan and To [39] show that

ρe

α∞ρ0
≈ 1 +

1
iΩ

(3)

and
Ke

Ka
≈ 1 (4)

where the normalized frequency is
Ω =

f
fc

. (5)

The critical frequency fc is given by

fc =
4η

πρ0r2
pore

=
ϕσ

2πα∞ρ0
(6)

where η is the dynamic viscosity of air and rpore is the characteristic (or mean) pore ra-
dius [20,22]. Note that when the focus of research is on acoustics, flow resistivity is generally
used instead of rpore. The result of these approximations is

1 − R
1 + R

=
√

cγ + dγ2. (7)

where
c = A(1 + X) (8)

d = −A
X

α∞
(9)

γ =
iΩ

1 + iΩ
(10)

and

A =
ϕ2

α∞
. (11)

Figures 5–7 show how |R| based on rearranging (7) varies with frequency f, angle of
incidence θ, porosity ϕ, and the pore radius rpore. Figure 5 shows that at higher frequencies,
|R| becomes independent of frequency, while Figure 6 shows a stronger dependence
on porosity at higher frequencies and independence of porosity at lower frequencies.
Dependence of |R| on pore radius is effectively linear at lower frequencies, but |R|
changes very rapidly with the pore radius at higher frequencies and lower pore radii. It
is these variations which have largely driven the design of measurement systems, as also
indicated in Figure 1. The measurement results become simpler at the two asymptotic
limits f << Ω and f >> Ω.
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Figure 5. Variation in |R| with frequency f and X according to (7), with ϕ =0.6, α∞ = 1.6, and
rpore = 0.14 mm. Twenty-five kHz ultrasound slice is shown in light blue.

Figure 6. Variation in |R| with frequency f and porosity ϕ according to (7), with X = 0.0, α∞ = 1.6,
and rpore = 0.14 mm. Twenty-five kHz ultrasound slice is shown in light blue.
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Figure 7. Variation in |R| with frequency f and pore radius rpore according to (7), with X = 0.0, ϕ = 0.6,
and α∞ = 1.6. Twenty-five kHz ultrasound slice is shown in light blue.

For Ω >> 1 (
1 − |R|Ω→∞
1 + |R|Ω→∞

)2

= c + d = a = A + BX (12)

where
B = A

α∞ − 1
α∞

. (13)

This approximation was successfully used by Bradley and Ghimire [56] and Bradley
et al. [67] to estimate soil porosity ϕ and soil tortuosity α∞ using the slope and intercept
of a linear regression from measurements |R| at several angles of incidence θ and at an
ultrasonic frequency of 25 kHz (see also [52,53,57]).

For Ω << 1 (
1 − |R|Ω→0
1 + |R|Ω→0

)2

= cΩ. (14)

This was the asymptotic solution used by Sebaa et al. [58], Sadouki [68], and Good [70].
Equation (14) suggests that once ϕ and α∞ have been estimated from transmissions such
that Ω >> 1 using Equation (12), a linear regression involving measurements at several
transmissions such that Ω << 1 will allow for an estimation of Ω, and hence σ and rpore.

2.2. Typical Values of Model Parameters

In order to estimate all three of ϕ, α∞, and rpore, the strategy outlined above requires
use of well-separated lower acoustic frequencies, flow, and higher acoustic frequencies,
fhigh, satisfying

flow ≪ fc ≪ fhigh (15)

Table 1 gives the typical values of parameters appearing in the above theory. Being
simply a fraction of total volume, ϕ can range between 0 and 1, typically falling between
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0.35 and 0.7 for soils [20]. The typical values for grasslands quoted by Salomons [31] are
α∞ = 1.35, ϕ = 0.3, and 5 ≤ Ω ≤ 20 when the sound has a frequency of 25 kHz, equating to
rpore = 63–125 µm.

Table 1. Model parameters.

Properties of Air Description Typical Value

ρ0 air density 1.2 kg m−3

η dynamic viscosity of air 18.5 × 10−6 Pa s

Design Parameters

θ angle of incidence 0–40◦

f acoustic frequency 1–25 kHz

Physical Properties of Soil

ϕ porosity 0.6

α∞ tortuosity 1.4

rpore pore radius 30–180 µm

Derived Quantities

X tan2(θ) 0–0.7

fc critical frequency 0.5–22 kHz

Ω (f = 50 Hz) normalized frequency 0.002–0.1

Ω (f = 25 kHz) normalized frequency 1–50

A limitation on the angle of incidence arises from keeping the instrumentation reason-
ably compact. The limitations on transmitted frequency arise from aiming for directionality,
whilst not being too sensitive to scattering of sound by vegetation and surface roughness
at higher frequencies. For a propagation path from speaker to ground to a microphone of
length L = 2 m (which would be a typical range from a small agricultural vehicle) and for
an angle of incidence θ = 30◦, the time for sound to travel horizontally between the speaker
and the microphone is L/(2c0) = 3 ms if the sound speed c0 = 340 m s−1 (see Figure 4).
The time of first arrival of reflected sound is L/c0 = 6 ms. This means the duration of the
acoustic pulse should be less than L/(2c0) = 3 ms. There are 12 cycles of 4 kHz sound in a
3 ms pulse, which would give a reasonable pulse shape for detection and peak analysis, and
so this would be a practical lower frequency for signal analysis. For these parameters, one
measurement would take at least L/c0 + L/(2c0) = 9 ms, so that around 100 measurements
per second would be feasible if the transmissions were at all frequencies and angles of
incidence simultaneously. However, an acoustic frequency of 4 kHz is considerably higher
than the lowest likely critical frequency of 0.5 kHz. Similarly, a high acoustic frequency of
25 kHz is not much higher than the highest likely critical frequency of 22 kHz.

For example, assuming the estimates of tortuosity and porosity have been made at
higher frequencies, Figure 8 shows significant errors in estimated pore radius if Equation
(14) is used with transmitted acoustic frequencies in the range of 1–5 kHz.
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Figure 8. Estimation of pore radius rpore according to low-frequency asymptote (14), with frequency
f = 0.001 Hz (blue line),1 kHz (yellow), 2 kHz (green), 3 kHz (red), 4 kHz (violet), and 5 kHz (brown).

2.3. Approximation at Higher Frequencies

An alternative is to use higher acoustic frequencies and allow for the frequency
dependence of Y, where

Y =

(
1 − |R|
1 + |R|

)2
. (16)

The curvature can be found from a Taylor series expansion of the right-hand side of
(7) in terms of Ω−1, Ω−2, . . ., and then by expanding R from (7) as a series in terms of Ω−1,
Ω−2, . . ., expanding |R|, and finally Y from (16). This expansion is non-trivial, and it is
found to comprise only even powers of Ω. The result is given as follows:

YΩ→∞ = a +
κ

2Ω2 + · · · . (17)

where

κ = 2a
8a2 − c2(1 − 3a)− 4ca(1 + a)

4(a − 1)a2 (18)

Figure 9 shows the variation in Y with f−2 for frequencies in the range from 4 to 16 kHz.
Also shown with circle and square markers are the Y values at 1/3-octave frequencies in
this band. The asymptotic high-frequency limit of these curves should give A and B, which
represent porosity ϕ and tortuosity α∞, and the curvature should give an estimate of Ω,
which represents fc and rpore. The blue curves with rpore = 100 µm are nearly linear because
Ω is relatively large, so that only the first two terms, those shown in (17), are required to
obtain a good estimate of curvature κ and pore radius. As rpore becomes smaller, the series
expansion needs to include further terms, so that the term in κ is estimated accurately.
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Figure 9. Behaviour of Y at frequencies above 4 kHz when rpore = 30 µm (green), 50 µm (red), and
100 µm (blue). Lines with circles are at θ = 0◦, and those with squares are at θ = 30◦.

2.4. Procedure for Estimation of Soil Physical Parameters

Measurements |Rmn| are made at an angle of incidence θm and at a transmitted fre-
quency fn, where m = 1, 2, . . ., M and n = 1, 2,. . ., N.

For each θm, a regression of Y vs. f−2 is performed as in (17) and (5) to find estimates
âm and b̂m of the coefficients, m = 1, 2, . . ., M, where

Ymn =

(
1 − |Rmn|
1 + |Rmn|

)2
= am + bm f−2

n + · · · . (19)

In order to ensure that κ or bm are representative of the first expansion term, further
expansion terms should be included, as shown in Figure 10. Given there are N = 7 fre-
quencies, there is still sufficient redundancy in this regression and reasonable accuracy if a
polynomial fit of degree 4 is chosen. Using the M estimated values of âm and the M known
values of Xm, the single linear regression of a vs. X

am = A + BXm (20)

can be performed for the two coefficients Â and B̂, so that estimates of porosity and
tortuosity can be found

ϕ̂ =
Â√

Â − B̂
(21)

α̂∞ =
Â

Â − B̂
. (22)
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It is then possible to estimate κ̂ from (18) and

f̂c,m =

√
2

b̂m

κ̂m
. (23)

Hence, the characteristic pore radius can be estimated from

r̂pore,m =

√
4η

πρ0 f̂ c,m
. (24)

Note that M estimates are made of the pore radius, which are simply averaged.

Figure 10. The estimation error for the pore radius based on the series expansion (17) as a function of
the degree of the polynomial expansion. The curves are given for rpore = 30 µm (blue), 40 µm (yellow),
50 µm (green), and 100 µm (red). Black circles show errors when a polynomial of degree of 4 is used.

3. Results
As an example, θm = 0◦, 7.5◦, and 12.5◦ for m = 1, 2, 3 (M = 3), and fn = 4.5, 5.7, 7.1, 9,

11.3, 14.3, and 18 kHz for n = 1, 2, 3, 4, 5, 6, 7 (N = 7), giving MN = 21 measurements |Rmn|
for each set of regressions. The acoustic frequencies are in 1/3 octave steps. Values of |Rmn|
with this set of θ and f values are given in Table 2 for porosity = 0.6, tortuosity = 1.6, and
pore radius = 80 µm.
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Table 2. Measured values of |R|.

θ

0◦ 7.5◦ 12.5◦

f
kHz

4.5 0.424 0.407 0.395

5.7 0.403 0.388 0.377

7.1 0.388 0.374 0.364

9 0.377 0.364 0.355

11.3 0.370 0.358 0.350

14.3 0.365 0.353 0.346

18 0.362 0.351 0.343

Simulations are performed for five soil porosity values of 0.4, 0.5, 0.6, 0.7, and 0.8, five
tortuosity values of 1.4, 1.5, 1.6, 1.7, and 1.8, and twenty-eight pore radius values from
40 µm to 175 µm in 5 µm steps. Values of |Rmn| are calculated for these 700 simulated soil
profiles, and for M angles of incidence and N frequencies. Random Gaussian noise εg with
g = 1, 2, . . ..G and zero mean and standard deviation σR is added to each simulated |Rmn|

|Rmn|g = |Rmn|
(
1 + εg

)
. (25)

Here, ε is a random Gaussian number of zero mean and standard deviation σR. With
G = 625, there are 9.2 × 106 simulated reflectivity measurements.

Figure 11 shows the acoustic pulses recorded, as described by Bradley and Ghimire [67],
over natural soils in farm paddocks having a biomass of 0.26 kg m−2 (2600 kg ha−1 DM)
for the left-hand plot and 0.22 kg m−2 (2200 kg ha−1 DM) for the right-hand plot. The
pasture was cut, dried, and weighed to estimate the biomass. These biomass levels are
typical of pastureland. The two rural pastureland sites were close to a very busy road,
although little acoustic noise in the 20–30 kHz region would be expected from that source.
For each of the 32 pulses, an envelope is estimated using a Hilbert envelope estimator. A
Gaussian curve is fitted to this envelope in order to estimate the pulse amplitude, width,
and time of arrival (or path distance). The transmitted pulses are Hanning-shaped, but
a Gaussian is a very good match to this. Means are taken of the fitted pulse amplitudes,
widths, and locations, and the Gaussian with these parameters is also shown (in red) in this
figure. For comparison purposes, the two pulses have been normalized to the peak value
of these averaged Gaussians, and the same path window is shown for both sets of pulses
(the pulse duration is different for the two sets). Random noise of standard deviation 0.119
can be seen on the first set of pulses and 0.080 on the second set. The standard deviation of
the peaks of the fitted Gaussians is 0.055 for the first set and 0.049 for the second set. If a
measurement comprises 16 pulses, then the standard deviations of the mean estimates of
|R| are 0.055/161/2 = 0.014 (or 1.4%) and 0.049/161/2 = 0.012 (or 1.2%), respectively. In all
the following simulations, a value σR = 0.02 (2% variability in measured |R|) was used,
consistent with these real-world field measurements.

For each soil “profile” s, or group of simulation ϕ, α∞, and rpore values, estimates ϕ̂,
α̂∞, and r̂pore are made from the G noisy “measurements” involving the three angles of
incidence and seven frequencies. The mean values and standard deviations of estimates
are found for each of the 700 (ϕ, α∞, and rpore) simulated soil profiles.

There are two main sources of error: model error and random measurement noise error
(systematic measurement errors can be made negligible with good hardware design and
calibration). Model error arises from truncation of the series expansion (17), as indicated
in Figure 10. Model error manifests as bias in the estimates, whereas random noise error
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manifests as both bias and random fluctuations in the estimates. For example, for porosity
estimates, bias β is estimated from

β =
ϕ̂

ϕ
− 1 (26)

and random uncertainty u from

u =
σϕ̂

ϕ
(27)

and similarly for tortuosity and the pore radius. These parameter estimation errors, when
averaged over all the measurement sets, give no indication of whether more accurate estimates
might be obtained from certain combinations of soil parameters. In order to answer this, β

and u are averaged over two of the three soil parameters giving, for example, βϕ, ∞(rpore) for β

averaged over all ϕ and α∞ as a function of rpore. The results are plotted in Figures 12 and 13.
It is clear that the bias and random errors are low (a few %) and largely independent of the
soil properties, except for a strong dependence on the lower rpore values. These three (solid
lines) bias curves exceed 5% for rpore < 50 µm (Figure 12), and the estimates of α∞ exceed 5%
random noise errors for rpore < 40 µm. Bias errors are also simulated with zero random noise,
giving a very similar plot to Figure 12. This indicates that the bias errors are almost entirely
due to model errors and not to random noise contributing through non-linearities. Since these
errors are systematic, they could be corrected by fitting curves to the error curves, although
we have not attempted that here since the errors are very small.

Figure 11. Plot of 16 successive reflected pulses shown in blue received at 2 field sites [67]. Left-hand
plot is from farm paddock having a biomass of 0.26 kg m−2 (2600 kg ha−1 DM) and with θ = 40◦ and
f = 20 kHz. Right-hand plot is from farm paddock with a biomass of 0.22 kg m−2 (2200 kg ha−1 DM)
and with θ = 17◦ and f = 30 kHz. Transmitter array and receiving array are each 1 m radially from
insonified location on ground. Also shown as red curves are fitted Gaussian pulse envelopes.
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Figure 12. The fractional bias β in the estimated soil parameters, porosity (red), tortuosity (blue),
and soil pore radius (green). The fractional noise in |R| is σR = 0.01. The fractional bias errors are
averaged over 2 of the 3 soil parameters and plotted against the 3rd parameter (ϕ dotted lines, α∞

dashed lines, and rpore solid lines). The abscissa represent values of the parameters scaled to their
minimum value at an abscissa value 0.0 and their maximum value at an abscissa value of 1.0.

 
Figure 13. The relative standard deviation in soil parameter estimation for porosity (red), tortuosity
(blue), and soil pore radius (green). The fractional noise in |R| is σR = 0.01. The fractional errors are
averaged over 2 of the 3 soil parameters and plotted against the 3rd parameter (ϕ dotted lines, α∞

dashed lines, and rpore solid lines). The abscissa represent values of the parameters scaled to their
minimum value at an abscissa value 0.0 and their maximum value at an abscissa value of 1.0.
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4. Discussion
The approach taken here to estimate soil physical properties is very different from

the traditional laboratory-based methods. Our method allows for fast, non-contact, in situ,
simultaneous estimates of soil porosity, tortuosity and soil pore radius. This method also
differs dramatically from the asymptotic acoustic methods used by others in either a very
high-frequency domain or a very low-frequency domain because it opens up the possibility
of using the same speaker elements for all transmissions and the same microphone arrays
for all signal receptions. The key new element is the expansion of the full expression for the
plane wave reflection coefficient R in a Taylor series with terms in 1/Ω2, 1/Ω4,. . . Only the
coefficient of the first expansion term (in 1/Ω2) has been developed, yielding an expression
for the pore radius. A further linear regression is required to obtain estimates of porosity
and tortuosity from the same set of measurements.

A Monte Carlo simulation shows that the primary source of uncertainty in soil param-
eter estimation is model error. These errors are very small, being typically less than 2%,
and arise from truncation of the Taylor series expansion to four terms (proportional to 1,
1/Ω2, 1/Ω4, and 1/Ω6). The expansion is truncated, so that the polynomial regression is
over-determined with seven acoustic frequencies and four expansion coefficients.

4.1. Validity of the Simulations

In practice, this analysis compares one model (the Taylor series approach) with a
model which assumes (1)–(6) are valid. The robustness of this approach therefore depends
on the following:

1. Accuracy of the equations from (1) to (5). This has been validated by numerous
investigations (see, for example, [37,39,44,45,50,60]).

2. Accuracy of (6). Horoshenkov [22] used this relationship to estimate the radius of
glass beads based on known packing, obtaining an agreement of around 9%. This is
equivalent to a 9% standard deviation of estimated pore radius.

3. The assumed value σR = 0.02 for the Monte Carlo simulations. This is validated at f
= 25 kHz through the measurements by Bradley et al. [67], as discussed in relation
to Figure 11. At the lower frequencies proposed here, the pulse durations will not
change, but the number of cycles per pulse will be around 13, 17, 21, 27, 34, 43, and 54
for the frequencies 4.5, 5.7, 7.1, 9, 11.3, 14.3, and 18 kHz, respectively. The resulting
pulses will have well-defined shapes with at least 13 regression points if a Gaussian
shape is fitted to the envelope. The possibility of more environmental acoustic noise
at these lower frequencies should not present a problem because the -3 dB spectral
width around each centre frequency is less than 500 Hz. This means that spectral
filtering can effectively remove environmental noise.

4. The assumption that the errors due to signal loss in sound passing through grass and
roughness are small. The results from the experiments of Bradley and Ghimire [67]
shown in Figures 2 and 3 indicate that at f =25 kHz, pasture and surface roughness
are not major obstacles. At higher biomass levels, some loss of reflected energy will
occur [65] at a frequency of 25 kHz. However, the extent of scattering by either pasture
swards or surface roughness is dependent on a scattering parameter such as kσh

discussed in relation to Figure 3. At 25 kHz, it was found that kσh < 1 for the farmland
sites described. From 4.5 to 18 kHz, the same sites would have a maximum kσh of
0.2–0.7, and the errors arising from these sources would be correspondingly smaller.

For pugging due to animal hoof prints, major scattering can be expected. In all these
cases, the best operational strategy may be to detect scattering at each angle of incidence
using the multiple microphones, and if scattered energy is more than a few percent of the
incident energy, discard that data point [67]. With the three angles of incidence discussed
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here, there are six scattering angles at which measurements can be made (0◦, 7.5◦, 12.5◦,
14◦, 20◦, and 25◦), with three of these repeated starting at different speakers (7.5◦, 12.5◦,
and 20◦), giving a total of nine scattering measurements which can be made for each
transmitted frequency. These allow for considerable scope for detecting roughness levels
and soil surface anomalies, as described in [67].

These caveats do not appear to limit the scope and credibility of the new approach
taken here. Of course, design of hardware and software generally also involves compro-
mises, but data from previous work [56,65] indicates that the design should be practical.
This is particularly true given the availability of a much wider range of transmitting and
receiving devices in the audio spectrum compared with the ultrasonic region. The new
methodology also lends itself much more to being controlled entirely from a mobile phone
because the audio interfaces on modern phones have the requisite bandwidth and sampling
rates. The ultimate goal is therefore a compact rigid array of speakers and microphones
which can be mounted on a small farm vehicle such as a quad-bike, with data recorded on
a mobile phone and able to be readily uploaded to a farm management system.

4.2. Operational Considerations

Bradley and Ghimire [56] give substantial details about the design of their ultrasonic
system, and generally similar considerations apply for the multi-angle, multi-frequency
system proposed here. Given an axial distance to the ground of 1 m and an angle of
incidence of 12.5◦, the half-width of the speaker/microphone assembly will be around
200 mm. Sound bursts from each speaker can be transmitted in sequence, but these bursts
can be a composite of the seven pulses at 1/3-octave frequencies. The time sequence of
these composite pulses will look rather “messy”, but the seven components can readily be
separated in spectral space. The bursts will sound like short clicks and will not intrude on
humans or livestock.

As discussed in Section 2.2, the sampling duration for one burst will be around 9 ms.
Since there are three angles of incidence, the total time for sampling a single measurement
would be around 27 ms. However, some averaging may also be necessary. As described in
Section 3, the results from 16 bursts were averaged by Bradley et al. [67]. If this averaging
was applied, a single measurement set would take around 432 ms. At a platform speed over
the ground of 5 km h−1, the horizontal spacing between soil samples would be 600 mm.
Since the acoustic beam angles would likely be only around 5◦, this means that successive
samples of soil structure will not overlap. Nevertheless, this sampling distance is likely to
capture variations due to, for example, a section of lower lying ground or an area where
stock have congregated.

5. Conclusions
Given the increasing pressures on productivity and challenges due to climate change,

soil health is a major concern for agriculture. Reviewing the previous methods for estimat-
ing the physical properties of porous media shows that estimates of good accuracy can
be obtained. In the context of assessing the physical health of agricultural soils in a rapid,
non-contact, and in situ way, researchers need to measure the strength of sound reflected
from the soil surface. There are many previous investigations which do this successfully at
low audio frequencies, but these are generally limited to estimation of flow resistivity for
outdoor sound propagation modelling. Bradley et al. [67] show that porosity and tortuosity
can be estimated using reflected ultrasound from naturally rough and grassed pastureland,
but these measurements do not provide estimates of pore size, which are desirable as a
guide to the soil’s ability to provide good aeration and water flow.
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The present work is targeted at providing the design elements for a configuration of
speakers and microphones which can be practically used at low cost from, for example, a
moving farm vehicle. The essence of this configuration is to not use separate ultrasonic and
low-audio-frequency speakers and microphones, but to integrate the entire measurement
system into transmissions of a burst from single speakers and reception via wide-band
microphones. Such components and the requisite electronics are inexpensive and read-
ily available.

The configuration described in the current work is shown to be potentially capable
of obtaining estimates of the three central physical properties of soil: porosity, tortuosity,
and pore size. But to do so has required an innovative approach in which the full viscous
interaction between sound and soil is evaluated within a frequency band not generally
accessible to such measurements. This has been achieved by expanding the expression
for the reflection coefficient as a series of spectral terms using the infinite-frequency term
to estimate porosity and tortuosity and the curvature term to estimate pore radius. The
estimations are obtained via a very straight-forward pair of linear regressions.

Since this proposed measurement configuration is novel, it is essential that its potential
first be evaluated by simulating performance under typical noisy conditions. In addition to
developing the new approach, this numerical evaluation is the core of the present work.

Clearly the next steps are to construct a frame containing appropriate sensors and
design accompanying electronics to then conduct tests in the laboratory, and eventually on
soil at field sites. It is possible that first laboratory tests will be on artificial porous media
for which the pore size is known (see, for example [87]).
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Abbreviations

Symbol Description
a A + BX
A ϕ2/α∞

b Coefficient of f−2 in expansion
B A(α∞ − 1)/α∞

c A(1 + X)
c0 Speed of sound
d −AX/α∞

f Acoustic frequency
fc Critical frequency
flow A frequency much lower than fc
fhigh A frequency much higher than fc
G Number of random realizations
k Acoustic wavenumber
Ka Bulk modulus of air
Ke Effective bulk density of soil
L Acoustic path length for reflection



Agriculture 2025, 15, 2146 21 of 24

m Index of θ

M Maximum value of m
n Index of f
N Maximum value of n
rpore Characteristic pore radius
R Plane wave reflection coefficient
|R| Amplitude of R
s “Soil” defined by a set of (ϕ, α∞, rpore)
u Relative standard deviation of estimates
X tan2θ

Y (1 − |R|)2/(1 + |R|)2

α∞ Soil tortuosity
β Bias in estimates
γ iΩ/(1 + iΩ)
/ε Fractional random noise in measurement |R|
η Dynamic viscosity of air
θ Angle of incidence
κ Curvature of Y vs. Ω−2

ρ0 Air density
ρe Equivalent soil density
σ Flow resistivity
σh Standard deviation of soil surface height
σR Standard deviation of noise in measurement |R|
ϕ Soil porosity
Ω Normalized frequency
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