
 

Near Surface 2009 – 15th European Meeting of Environmental and Engineering Geophysics 
Dublin, Ireland, 7 - 9 September 2009 

 

P30
Density Variation Modeling Based on Resistivity
and Soil Moisture Data
T.M. Hokkanen* (Helsinki University of Technology) & N.P. Szabo (Helsinki
University of Technology)

SUMMARY
The need of the real time (or with short time period) soil moisture monitoring has become more important
nowadays. Many research groups are developing new monitoring techniques and methods for that
globally. We established a study field for applying resistivity measurements (RES) together with capacitive
soil moisture (CP) data to determine the bulk density function of the soil of the study area. According to
results it is possible to define a density model as a response of temporally and spatially changing the
moisture of the soil. Relevant equations are presented in this paper.
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Introduction 
 
The need of the real time (or with short time period) soil moisture monitoring has become 
important nowadays. Many research groups are developing new monitoring techniques and 
methods for that globally. We are also designing simultaneously several different methods for 
that target. Now presented study is a part of the bigger hydrogeophysical project, which goal 
is to investigate short and long term superconducting gravity effects caused by soil moisture 
and groundwater level changing at Metsähovi area, Southern Finland. 
 
We established a study field for applying resistivity measurements (RES) together with 
capacitive soil moisture (CP) data to determine the bulk density function of the soil of the 
study area. According to the results it is possible to define a density model as a response of 
temporally and spatially changing soil moisture. Relevant equations are presented in this 
abstract. 
 
 
Theory of density modeling 
 
Finnish soils consists of solid particles of different grain size from fine clay to coarse sand 
and other constituents like organic material and incoming minerals of underlying crystalline 
bedrock. The pore space between particles is occupied by air and fresh water. The porosity 
(Φ) of the soil is obtained by dividing the pore space volume by the total soil volume. Water 
content (Vw) in the pore space is varying because of precipitation, run-off, and groundwater 
table changing. The actual value of water saturation (Sw) is defined with the water content and 
porosity Sw=Vw/Φ. Under the groundwater table all available pore space are filled with water 
and the volumetric water content equals to the porosity. This is called the fully saturated area. 
The unsaturated area above it is the vadose zone, where the CP measurements were focused 
on.  
 
The CP technique is grounded on the determination of the dielectric permittivity (ε) of 
medium by measuring the charge time of a capacitor which uses that medium as a dielectric. 
We can get ε from the following equation. 
 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−
−

=

fi

f

VV
VVln

S
RA

tε ,                                                                                     (1) 

 
where t is charging time, R is resistivity of soil, A and S are technical constants, V is voltage 
at time t, Vf is maximum voltage, and Vi is initial voltage. Volumetric water content (Vw) is 
obtained from the following relation Vw = f ( ε ). Calibration equations connect dielectric 
permittivity with water content most commonly as a result of polynomial fitting. Seyfried et 
al. (2005) developed a linear relationship between water content and √ε, where regression 
coefficients represent soil dependencies. 
 
The theory we present is based on the computing of bulk density changing of the soil by 
dense CP and RES measurements. Supposing a clayey soil at first clay content section is 
computed for the CP hole suggested by Simandoux (1963)  
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where Φ is porosity, Vcl is clay content, m is cementation exponent, a is tortuosity factor, Rw 
is pore-water resistivity, R is resistivity of the formation and R is clay resistivity. The 
quantites m and a are depending on the textural properties of the formation. In soil 
environments their recommended values are a = 1; 1.4 ≤ m ≤ 2. The true resistivity of the soil 
can be determined by processing of field resistivity data. Multielectrode DC resistivity 
sounding provides the apparent resistivity distribution of the subsurface area. True resistivity 
sections can be derived from the measurements by using 2D inversion methods. At first a 2D 
model must be generated by dividing the subsurface area into a given number of right 
rectangular blocks. Resistivity values are constant in each block, which are determined by the 
inversion of the observations. The inversion technique we applied is a smoothness constrained 
least squares method suggested by DeGroot-Hedlin et al. (1990). The R vector of resultant 
block resistivities are computed  
 

 ( )[ ] a
T1TTT RJVVHHβJJR −++= ,      (3) 

 
where Ra denotes the observed apparent resistivity vector, J is the Jacobian matrix containing 
partial derivatives of data according to unknowns, β is the regularizing factor, H and V are 
roughening matrices, which difference the model parameters of laterally and vertically 
adjacent prisms, separately. The procedure is iterative and the solution is bound to the 
minimal difference of root mean-square error of measured and calculated data in adjacent 
iteration steps. Bulk density of soils depends on the volume of the constituents and on their 
own densities such as ρs soil particle density, ρcl clay density, ρw the density of the fresh water 
and ρa, and the density of the air. We adopted the well-known density formula suggested by 
Baker Atlas (1996)  
 
 [ ] ssclclawwwb ρVρV)ρS-(1ρSΦρ +++= .     (4) 
 
 
When using the material balance equation Φ + Vcl + Vs= 1 and substituting eq. (2) and (3) to 
eq. (4) with the following simplifications such as ρw=1g/cm-3, ρa<<ρw, the time and depth 
dependent bulk density modeling equation is derived as 
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In this approach Vw is directly measured by CP, R is inverted resistivity from DC 
measurements and other constants like Rcl, Rw, ρs, ρcl and Φ are determined by laboratory 
sample investigations.  
 
 
Study area, geological setting and field works 
 
The study area is a part of a larger research area (200 m × 200 m) at Metsähovi in the 
Southern part of Finland. We have installed altogether 441 iron electrodes with 5 capacitive 
soil moisture sensors in the area of 20 m × 20 m. Electrode and line spacing is 1 meter and 
soil moist sensors have been installed in the vertical depth of 10, 30, 60, 75, and 90 cm, 
respectively. Soil moisture probes are located in the RES field (Fig. 1). 
 
The uppermost layer (10 – 30 cm) is mainly peat and organic material followed by a clay/silt 
layer. The depth of the granitic bedrock is about 2 m. At the depth of 1 m there is a hard 
clay/silt layer, which permeability is lower. 
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We started field work at the end of summer 2008 by installing RES electrodes and soil 
moisture probes. Since that time we have measured RES data 5 times by ABEM Terrameter 
300C and Terrameter SA 4000 with permanently installed 50 cm long electrodes. We used 
Wenner-α configuration in all measurements. Soil water content monitoring has been 
automated with 1 minute sampling by Degacon capacitive EC-5 sensors.  
 
Results 
 
Since it was not possible to measure continuous resistivity data set for technical reasons, we 
measured the area 5 times at different seasons and then interpolated resistivity values of the 
subsurface between those instants. Measurements done on 17th October and on 12th November 
represent autumn time before snow and frost. On 18th February we had snow and about 20 cm 
thick frost and on 15th April snow was melt. The resistivity section of February can be seen in 
Figure 1. The constants applied in eq. 5 are shown in Table 1. They are determined by 
laboratory and resistivity measurements. 
 
 

Parameter 0.1 m 0.3 m 0.6 m 0.75 m 0.9 m 
Φ 0.41 0.39 0.38 0.37 0.32 
Rw 244 Ωm 244 Ωm 244 Ωm 244 Ωm 244 Ωm 
Rcl 107 Ωm 107 Ωm 107 Ωm 107 Ωm 107 Ωm 
m 1.7 1.7 1.7 1.7 1.7 
a 1 1 1 1 1 
ρcl 2.55 g/cm3 2.55 g/cm3 2.55 g/cm3 2.55 g/cm3 2.55 g/cm3 
ρs 2.60 g/cm3 2.60 g/cm3 2.60 g/cm3 2.60 g/cm3 2.60 g/cm3 

 
  Table 1. Constants applied in modeling calculations 

 
Calculated bulk density function is shown in Figure 2. It is seen clearly how the precipitation 
is effecting on the density of the soil. During autumn time rains increase gradually the density 
of upper part of the soil before winter, which can be followed also in deeper levels 
(approximately to 50 cm). They cause also higher rate of infiltration of water during October 
and November. Density values show also a transitional zone towards the groundwater table at 
the depth of 70 cm. In the beginning of the year 2009 density drops down rapidly at the depth 
of 10 cm. Reason for this is the frozen water (CP cannot operate in the frost).  
 
 
 

 
 
Figure 1: Resistivity section obtained by inversion in CP hole (white bar) 
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Figure 2: Calculated bulk density function in CP hole  
 
Conclusion and discussion 
 
We have presented a relevant method to calculate temporally and spatially varying density 
resulting from changing soil water content. Next target in this project is to implement 
continuous RES monitoring with dense enough sampling with a fewer amount of electrodes in 
the study area in the vicinity of several new CP holes as vertical resistivity sounding. By that 
way we are able to calculate the dynamic gravity effect of changing soil moisture. 
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