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Abstract − The paper deals with the problem of 
measuring the soil moisture by an accurate and real-time 
method. Since no available measuring techniques provide 
both an accurate estimation of the soil water content and a 
user-friendly real-time system, the authors examine a 
method to assess the degree of the saturation with water in 
granular materials that use acoustic wave. Particularly, the 
influence of soil characteristics on velocity of wave 
propagation are analysed in systematic way. The final aim 
of the research is to carry out a simple and complete system 
for microclimate soil analysis. 
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1.  INTRODUCTION 
 

Nowadays, an important aim pursued in agriculture is a 
prudent and echo compatible utilisation of the soil. The 
principle of differentiated management and the use of the 
so-called precision agriculture are the starting points of the 
considerable diffusion of innovative measurement 
technologies in this field.  

With this aim, the measurement of water content in soil 
is an important task to carry out, in situ, an accurate and 
reproducible microclimate analysis. Several methods are 
available to obtain an estimation of soil moisture [1-3], but 
none of them offers satisfactory results.  

The authors investigated the acoustic pulses transmission 
through the soil to obtain a functional relation between 
moisture level and both travel velocity and absorption of 
acoustic waves.  

Many researchers have studied deeply the problem of 
elastic wave propagation in liquid-saturated granular of 
porous mediums [4], [5], but the theory introduced by 
Brutsaert [6] seems suitable for realising a portable and 
accurate moisture soil sensor. Even if these techniques 
present some problems, as the scattering due to different 
acoustic impedance of the air within the pores and the soil 
particles, or the limited applicable frequency range caused 
by non linear absorption of acoustic energy, they are non-
invasive, simple to set up and very fast; these features are 
very desirable in a portable soil humidity sensor.  

A careful analysis of these techniques suggests that the 
measurement of wave attenuation often produces an 
inaccurate and conflicting estimation of water content in soil 
[7]-[8], so that the moisture variation-wave velocity model 
will be investigated.  

Really, the pulse transmission in unconsolidated and 
partially saturated porous media has received particularly 
attention, but the results are very often contradictory. These 
discrepancies are probably caused by various variables 
which contribute to the wave propagation velocity. All these 
considerations explain why there is the need, in the authors’ 
opinion, of a systematic analysis of the model parameters 
and of their influence on travel velocity of acoustic pulse 
transmission through the soil.  
 

2.  THE MATEMATICAL MODEL 
 

To deal with the measurement of water content of soil it 
is profitable to drop the typical and accurate in layers model 
by considering a very simple model of soil as an 
unconsolidated granular medium. Really, the four different 
kinds of soil (clay, sand, silt and skeleton) are classified 
considering the relevant granulometry; related to this 
characteristic is the porosity  which  accounts  for  the  water 

 

Fig. 1.  Soil textural triangle. 



content of the soil [9]; its value can be determined by 
considering the velocity variation of the transmitted acoustic 
wave. The first three elements are very interesting in 
agriculture and their combination determines the soil 
textural class (Fig. 1). 

Really, it is the different rate of clay, silt and salt that 
determine the soil response at moisture variation. 
Particularly, has been experimentally shown [10] that the 
soil composition produces acoustic absorption and velocity 
variation when a sound wave is transmitted through 
unconsolidated granular mediums containing gas and liquid 
in their interstice.  

A complete mathematical theory model for this case has 
been developed by considering the equations of a motion in 
a soil model consisting of randomly stacked spheres of 
different sizes containing both liquid and gas in their 
interstices [6]. The analysis shows that a rigorous solution of 
the equations yields three compressional waves and one type 
of share wave, when the solid, water and air components are 
present.  

Particularly, it has been proved that only the perfectly 
coupled compressional wave prevails whereas the 
magnitudes of the other ones are negligible, when the 
dimensionless parameter β , given by the following 
expression [10]:  
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verifies the limitation: 

 1β <  (2) 

Actually, in this case, the movement of the three phases is 
synchronized, the dissipation of the sound energy is 
negligible and the dominant wave is approximately elastic. 

It is worth to underline that this factor accounts for both 
inertia and viscosity forces and influences heavily both the 
velocity and the attenuation of the wave sound. 
In eqn. (1), R  represents the pore radius, sf  is the wave's 
frequency, ρ  and η  are the density and viscosity of the 
water, respectively.  

Under this constraint, the velocity of the perfectly 
coupled acoustic wave is given by the expression: 
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where f  is the porosity of the soil, a  and b  are constants 
depending on the granular properties material.  

It is worth to underline that the model given in (3) 
applies very well when the soil moisture is homogeneously 
distributed, whereas a deviation from the theoretical curves 
is possible during rapid infiltration [8]. This expression 
accounts for the sound velocity which depends on: 
 

(i) the degree of the saturation with liquid S  through the 
effective pressure ep  defined as: 

 e t a cp p p S p= − − ⋅  (4) 

where tp  is the total pressure, ap  is the air pressure and 

cp  is the capillary pressure;  
 

 (ii) the total density totρ  given by the expression: 

 ( )1tot s wf f Sρ ρ ρ= − + ⋅ ⋅  (5) 

with sρ  and wρ  soil and water density respectively; and  
 

 (iii) the parameter Z , which contains the effects of the 
interstitial fluids, evaluated by the following expression: 
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which describes the influence of the air and the water 
content in the granular medium on velocity sound where, the 
effective modulus ek  in the eqn. (6), is defined by the 
following relation, corrected according to [8]: 
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being ak  and wk  the bulk modulus of air and water, 
respectively [7]. 

The eqn. (3) is a very interesting model to realising a 
prototype of a soil moisture sensor since it connects the 
sound velocity with physical properties of the soil. 
Consequently, a careful analysis of the model it is necessary 
to investigate in more detail its performance, to simplify its 
expression and testing its accuracy. 
 

3.  MODEL ANALYSIS 
 

3.1.  The parameter β  

In the previous section it has been shown that, under the 
hypothesis (2), the sound velocity v  can be expressed 
according to eqn. (3).  

To investigate the range of frequency signal which 
assures a propagation purely elastic and without dissipation 
of the compressional wave, i.e. the applicability of eqn. (3), 
it is necessary analysing the parameter β .  

By determining the effective pore radius in terms on the 
hydraulic conductivity ik : 
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where g  represents the acceleration due to gravity, and 
substituting in eqn. (1), a simplified expression for β  is 
obtained: 
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which point out that this parameter is practically dependent 
both on the hydraulic conductivity and the frequency of 
sound wave so that a suitable frequency range must be 
choice to assures, theoretically, a propagation purely elastic 
and without dissipation. 
 
Tab. 1.  Values of isk , f  and n  for some different soil texture. 
 

Soil isk  f N 
Sand 8.2*10-5 0.43 2.7 

Loamy Sand 4.0*10-5 0.41 2.3 
Loam 2.8*10-6 0.43 1.6 

Silty loam 1.2*10-6 0.45 1.4 
Silt 6.9*10-7 0.43 1.4 

Silty clay 5.7*10-8 0.36 1.1 
Clay 1.7*10-6 0.45 1.2 

 

 
To investigate the influence on β  of the first quantity, it 

has to be considered the Van Genuchten expression which 
describes the relationship between hydraulic conductivity 
and degree of the saturation with liquid:  
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where isk  is the hydraulic conductivity at saturation and 
1 1m n= −  represents a parameter dependent on the soil 

textural class (Tab. 1). 
 

 
 

Fig. 2.  Representation of theoretical values of wβ vs frequency 

for different typical values of f  with 710isk −= . 

 
The eqn. (10) shows that the hydraulic conductivity reaches 
the maximum value i isk k=  when the degree of the 
saturation with liquid is maximum i.e. when 1S = . 

Consequently, at worst the parameter β  is given by the 
following expression: 
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so that the constraint: 

 1wβ β< <  (12) 

assures the validity of eqn. (3).  
A careful analysis of the eqn. (12) point out that the wβ  
value decreases when the soil porosity increases; moreover, 
it can be shown that this relation is verified for each value of 
frequency when 5 810 10isk− −< <  (Fig. 2) whereas depends 
on frequency when 2 510 10isk− −< ≤  (Fig. 3). 
 

 
 

Fig. 3.  Representation of theoretical values of wβ vs frequency 

for different typical values of f  with 310isk −= . 
 

For example, if the hydraulic conductivity is 310isk −= , 
the condition (12) is verified for 120sf Hz<  when 
f = 0.20 , and for 50sf Hz<  when f = 0.65 . Anyway, it 

is worth to underline that the soils porosity intended for 
cultivation generally varies from 0.30 ÷ 0.50  and does not 
reach the limit values.  

At this point it is worth to investigate a suitable range 
frequency of emitted acoustic signal; the condition to obtain 
reliable results is that the distance between transmitter and 
receiver should assure the hypothesis of plane wave but such 
as exclude too great attenuation.  

By keeping in mind that the sound velocity v  in the soil 
is certainty included in the range 300 ÷ 1500  m/s, it is 
possible to select the suitable frequency which carries out 
the smallest distance md  that verifies the constraint of 
distant field and therefore the correct wave sound 
propagation (Fig. 4).  

It is easy to see that the minimum frequency 
minsf , which 

assures the hypothesis of plane wave without causing 
impracticable distance between transmitter and emitter, 



decreases when the sound velocity in the soil decreases.  
For example, md  at sf = 500 Hz  is equal to 48 cm  

when v = 1500 m/s , it is 35 cm  when v = 1100 m/s , it is 
equal to 23 cm  when v = 700 m/s  and reduce to 9 cm  
when v = 300 m/s . 

Consequently, it is obtained that the minimum suitable 
frequencies are reported in Table 2 for different values of 
the sound velocity and therefore of several kinds of soil. 

 

 
 

Fig. 4.  Representation of minimum  theoretical distance md  vs 
frequency for different values of v .  

 
The results carry out that the minimum frequency utilizable 
by the device is equal to min 1sf kHz= ; really for 

1sf kHz<  the distance between transmitter and receiver 
could be more than 100 cm  with great problems of 
attenuation and beam spreading. 
 

Tab. 2.  Values of 
minsf  and md  for some different wave sound 

velocity. 
 

wave sound velocity 
[m/s] 

wave sound frequency
minsf  

[Hz] 
distance 

[cm] 
1500 1000 23.8 
1300 900 22.9 
1100 700 25.0 
900 600 23.8 
700 500 22.3 
500 400 19.9 
300 200 23.8 

 

 
It is worth to underline that the medium will operate as a 
filter so that the maximum frequency utilizable will depend 
on kind of soil [8], [11]; because there is no agreement on a 
general trend a greater investigation it is advisable.  
 

3.2.  The velocity v  
At this point, after analysing the parameter β , the 

question arises whether the eqn. (3), which represents the 
velocity of the wave sound, can be simplified.  

In previous section it is pointed out that this quantity is 
dependent on the three parameters ep , totρ  and Z , which 
are tied the degree of the saturation with liquid S .  

First, the analysis of the eqn. (4) shows that the effective 
pressure ep  is practically dependent on both tp  and cp ; the 
first quantity is proportional to the depth where the sensor is 
situated, the second one can be written, by using the Van 
Genuchten model, as: 
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with α  constant dependent on the kind of the soil (Tab. 3). 
To come to this point, the wave sound velocity is affected 
by the effective pressure at the rate 1 6 th  power and 
consequently it is strongly influenced by capillary pressure 
and soil texture.  

Second, the relation between totρ  and S  can be written 
as: 
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where this equation derives combining the eqn. (5) with the 
following relationship: 
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which makes a connection between porosity and real density 
of soil. The eqn. (15) is an adequate approximation for many 
soils; really, soil is composed of solid particles of different 
sizes (minerals and organic matter) and voids space 
distribution. Since, the mineral grains are quartz and 
feldspar a suitable average value for real density is 

32.65 g per cm  [12].  

By combining the eqn. (15) in the eqn. (14), it is possible 
to express the product totf ρ⋅  in the eqn. (3) as a function of 

sρ  and S  as: 

 ( ) ( ) 2 3, 0.1425 2.65 5.3 7.0225s s s sS S S Sρ ρ ρ ρ ϒ = + − ⋅ ⋅ + ⋅ −   (16) 

 
Tab. 3.  Values of α  and relative error per cent for some 

different soil texture. 
 

Soil α  [cm-1] re  [%] 
Sand 14.5 0.36 

Loamy Sand 12.4 0.34 
Loam 3.6 0.36 

Silty loam 2.0 0.39 
Silt 1.6 0.36 

Silty clay 0.5 0.29 
Clay 0.015 0.39 

 



At last, a careful investigation of eqn. (6) highlights that 
essentially the quantity Z  is dependent on both the effective 
pressure ep  and the effective modulus ek ; really, using the 
eqns. (4) and (7) it is possible to carry out that this 
parameter is dependent on the degree of saturation with 
liquid S  and the elastic properties of the solid particles b . 
By setting in the eqn. (7) the value of the air bulk modulus 
at 2/51.41×10 N m  and the value of the water bulk 
modulus at 9 2/2.01×10 N m , and considering about 
50 cm  deep in eqn. (4), it is possible to outline the Z  
trend, to different typical values of b . 

A careful analysis of the curves, of which for sake of 
brevity it is reported only one (Fig. 5), shows that the 
parameter Z  is little sensitive to saturation with liquid and 
increase when b  decreases; however in many practical 
cases it is always closed to one.  

However, the relative error caused by this approximation 
is less then 34 10−⋅  when 8 110b Pa− −=  (Tab. 3) and 
reduces to 74 10−⋅  when 11 110b Pa− −= . 
 

 
 

Fig. 5.  Representation of the ( )sqrt Z  vs saturation for 
different typical values of b  in a sand soil.  

 
Finally, by substituting eqn. (16) in eqn. (3) and setting 

( )2 3sqrt a bχ = , a simple expression of the sound velocity 
is obtained: 
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so that this quantity is dependent on moisture soil by a 
constant χ  lied to kind of soil, which represents just an 
amplification factor. For example, χ  is equal to 

31.077×10  when a = 1  and -10b = 8.1×10 , it is equal to 
34.472×10  when a = 0.2  and -12b = 1.0×10 . It is worth to 

underline that experimental results produce that the constant 
a  is neighbourhood of unity and the constant b  is variable 
in the range 8- -1210 10÷  [6]. 

 

 
 

Fig. 6.  Theoretical relationship between the velocity of sound 
and the degree of the saturation for sand soil when 1χ =  with 

50cm  deep. 

 
The analysis of eqn. (17) carries out that, for a given value 
of effective pressure, the velocity of the sound in the soil is 
dependent on the saturation with liquid; it can be shown that 
different curves will be obtained in terms on the kind of the 
soil. Generally, three types of curves can be distinguished: 
the first one which includes loam sand, sandy loam and sand 
soil (Fig. 6); the second one characterized by low content of 
clay as sand clay loam, loam, silt loam and silt (Fig. 7); the 
third characterized by high content of clay, which includes 
silty clay, sandy clay, clay loam, silty clay loam and clay 
(Fig. 8).  
 

 
 

Fig. 7.  Theoretical relationship between the velocity of sound 
and the degree of the saturation for silt soil when 1χ =  with 50cm  

deep. 
 
The figures highlight that the sound velocity in the soil 
decreases when the saturation with the water increases, 
independently from the kind of the soil textural class. The 
curve trend is linear in the first case and approximately 
logarithmic for the second and third groups. 



 
 

Fig. 8.  Theoretical relationship between the velocity of sound 
and the degree of the saturation for clay soil when 1χ =  with 

50cm  deep. 

 
For example, in the first kind of curves, it reduces to about 
1.2%  for each 10%  of S  variation, whereas in the third 
kind of curves, it reduces to about 10%  for each 10%  of 
S . However, generally the degree of the saturation with 
liquid is variable generally in the range 0.30 ÷ 0.50 .  
 

4.  CONCLUSIONS 
 

In this paper the applicability of Brutsaert theory to soil 
moisture measurement has been examined. It worth to 
underline that the velocity expression obtained applies well 
in equilibrium state.  

The analysis carries out that, under suitable hypothesis, 
the sound wave velocity is proportional to the 1 2th−  
power of the degree of the saturation with water and the 
1 6 th  power of the effective pressure; in this model, the 
kind of soil affects the velocity value by an amplification 
factor. The velocity sound equation obtained works good for 
a given frequency range and the approximation error is 
always less than 0.4% . 

Considering that there is not full agreement on 
experimental results obtained by different researchers, it is 
in the author’s opinion that investigation in more detail, 
firstly via simulation, nextly via experimental data 
processing is necessary. 

Particularly, it is desirable to examine:  
i) the effects of both total density and effective pressure 

variation on velocity sound; 
ii) the soil absorption regarding pulse energy and its 

behaviour as filter with a given frequency band; 
iii) the acoustic coupling of sensor and the soil behaviour 

with the water presence. 
Even if, the authors are currently working arranging a 
system based on both capillary pressure and total density 
with the purpose of realising a portable prototype of an 
accurate moisture sensor, this model should be applicable to 
moisture measurement in greenhouse where the soil 
characteristics are well known and in seismic wave 
propagation velocity. 
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