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A B S T R A C T   

The time domain reflectometry (TDR) technique is a geophysical method that allows, in a time-varying electric 
field, the determination of dielectric permittivity and electrical conductivity of a wide class of porous materials. 
Measurements of the volumetric water content (θw) in soils is the most frequent application of TDR in Soil 
Science and Soil Hydrology. In last four decades several studies have sought to explore potential applications of 
TDR. Such studies (except those conducted on θw estimation) mainly focused on monitoring soil solute transport. 
In more recent times, innovative TDR approaches have also been implemented to extend current TDR fields of 
application to the problem of monitoring non-aqueous phase liquids (NAPLs) in variable saturated soils. NAPLs 
are organic compounds with low solubility in water and are characterised by a high mobility in the vadose zone. 
Due to their high toxicity, NAPLs constitute a severe geo-environmental problem, thus making detection and 
observation of such substances in soils an increasingly important issue. The present paper deals with these studies 
and aims to provide an up-to-date review of the main NAPL-TDR studies. To date, the literature has focused on 
TDR applications in three main fields: (i) NAPL monitoring in homogeneous, variable saturated soils, (ii) NAPL 
monitoring in layered variable saturated soils, and (iii) NAPL monitoring during soil decontamination processes. 
For an exhaustive and complete overview of TDR research in this field, we also recall the basic principles of TDR 
signal propagation, the functioning of a typical TDR device, and the dielectric mixing models that are widely 
used to interpret the dielectric response of NAPL-contaminated soils.   

1. Introduction 

In the last four decades, the TDR technique has represented the most 
widely used method to estimate bulk dielectric permittivity (εb) and bulk 
electrical conductivity (ECb) in soils, as well as in other porous materials 
(Topp et al., 1980; Topp et al., 1982; Dalton et al., 1984; Topp and 
Davis, 1985; Rhoades et al., 1989; Persson, 1997; Hilhorst, 2000; Jones 
et al., 2002; Huisman et al., 2008; Comegna et al., 2013c; Coppola et al., 
2012; Coppola et al., 2015; Dragonetti et al., 2018; Comegna et al., 2022 
among others). Based on this feature, TDR has been widely used to 
monitor contaminant distribution and transport in soils (see e.g., Jones 
et al., 2002; Huisman et al., 2008; Coppola et al., 2011a; Comegna et al., 
2020), which is of crucial interest in such fields as agriculture and 
environmental sciences. 

On this topic, many experiments were carried out using different 
tracers such as bromide (Wraith et al., 1993; Persson and Berndtsson, 
1998; Carpena et al., 2005), chloride (Kachanoski et al., 1992; 

Vanclooster et al., 1993; Mallants et al., 1994; Vanclooster et al., 1995; 
Vogeler et al., 1996; Vogeler et al., 1997; Comegna V. et al., 1999; 
Vanderborght et al., 2000; Vanderborght et al., 2001; Comegna V. et al., 
2001; Comegna et al., 2003; Noborio et al., 2006; Coppola et al., 2009; 
Severino et al., 2010; Coppola et al., 2011b; Coppola et al., 2015; among 
others), nitrate (Payero et al., 2006; Comegna V. et al., 2011; Miyamoto 
et al., 2015), heavy metals and pesticides (Mojid et al., 2016). 

In recent years, in addition to the above applications, new TDR-based 
approaches were developed to extend TDR fields of application to the 
issue of monitoring NAPL dynamics in variable saturated soils. 

NAPLs are organic compounds with low or no solubility in water. 
They are substances which mainly belong to the family of petroleum 
products that may be accidentally introduced into the soil system. 
Extensive production and use of these products have provided abundant 
opportunities for soil and groundwater contamination (mainly due to 
the diffuse presence of abandoned industrial sites, poor disposal prac-
tices, accidental spills from petrol stations, oil fields, refineries, and so 
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forth). 
NAPLs exist in a separate phase in soils. This aspect increases the 

complexity of the subsurface system and difficulties in detection. 
Furthermore, due to their toxicity (even at low concentrations of a few 
parts per billion) and mobility, NAPLs may pose an increasing envi-
ronmental threat to natural resources such as soil and water. 

This has led several scientists to develop new strategies and meth-
odologies to detect such pollutants. 

Typically, NAPL monitoring in soils is performed by using invasive 
techniques that are based on soil drilling, sampling, and the installation 
of monitoring wells for the collection of soil and water samples (Mercer 
and Cohen, 1990). However, such approaches are costly, 
time-consuming and difficult to automate to collect real-time data. 

To overcome such difficulties and limitations, geophysical methods 
(e.g., radar, resistivity and conductivity) may represent an alternative 
choice (Redman et al., 1991). In particular, a fair number of studies have 
shown the potential of the TDR technique to monitor NAPLs in saturated 
and unsaturated soils (see, for example, Persson and Berndtsson, 2002; 
Haridy et al., 2004; Mohamed and Said, 2005; Moroizumi and Sasaki, 
2008; Rinaldi and Francisca, 2006; Francisca and Montoro, 2012; 
Comegna et al., 2013b; Zhan et al., 2013; Zhan et al., 2014; Comegna 
et al., 2016; Comegna et al., 2017). Most of such studies have demon-
strated that the TDR method offers the possibility to quantitatively 
discriminate between NAPL and water in the TDR sampling volume 
(Persson and Berndtsson, 2002). This is made possible using new algo-
rithms that work, for example, on analyzing the TDR signal amplitude at 
relatively long times from the waveform source (i.e., when multiple 
reflections have died out; Comegna et al., 2016). Other approaches are 
based on dielectric mixing models that, once calibrated and validated, 
permit the TDR dielectric response to be linked directly to the volu-
metric NAPL content θNAPL (Francisca and Montoro 2012; Comegna 

et al., 2016; Comegna et al., 2020). In other studies, measurements of εb 
and ECb are collected and used together to discriminate NAPL presence 
in soils (Haridy et al., 2004; Zhan et al., 2013; Comegna et al., 2017). 

After shortly recalling the main theoretical basis to be applied for 
NAPL monitoring by TDR, the paper will provide details on NAPL studies 
that have been conducted, at a laboratory scale, on a series of soils of 
different textures and structures. 

2. Theoretical principles of TDR signal propagation in a finite 
transmission line embedded into homogeneous and layered 
media 

In this section, we provide details on TDR signal propagation, mainly 
concerning NAPL monitoring approaches based on TDR. The basic TDR 
unit consists of: (i) a pulse or step generator, which produces a fast rise- 
time step voltage pulse; (ii) a sampler which transforms a high- 
frequency signal into a lower frequency output, and (iii) an oscillo-
scope. A synoptic diagram of the device is shown in Fig. 1a. The step 
generator produces an EM signal that travels along the coaxial line with 
an initial voltage of amplitude V0. The transmission line has a nominal 
impedance Z0=50 Ω until the signal reaches point A, where the voltage 
step V0 is detected and displayed on the oscilloscope (Fig. 1b). The signal 
is now introduced into the coaxial line connecting the probe equipment: 
point B (cable-probe interface) represents a change in impedance 
(ZPROBE) at the base of the probe. Once the transient signal reaches a 
discontinuity (i.e., a change in impedance) in the propagation line, part 
of the signal will be reflected to the generator, and will be added in- 
phase, or out-of-phase, to a new incident signal (Mohamed, 2006). 
Thus, at interface B, a portion of the signal (Vr) is reflected to the source, 
while the remaining fraction (Vt) is transmitted within the probe until it 
arrives at point C. 

Fig. 1. (a) Time domain reflectometry (TDR) hardware setup, (b) voltage versus travel time for an idealized TDR waveform, and identification of distinctive signal 
characteristic, and (c) pattern of multiple reflections from a transmission line. 
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The magnitude of the reflection can be quantified through the 
reflection coefficient (i.e., the ratio of reflected to incident wave; Giese 
and Tiemann, 1975; Krauss, 1984) as a function of the impedance: 

ρ =
ZPROBE − Z0

ZPROBE + Z0
(1)  

or as a function of the voltage: 

ρ =
Vi − V0

V0
(2)  

where Vi is the amplitude of the reflected signal at a certain transit time 
ti. 

The range of values for ρ is between -1 (the EM is delivered back 
through the ground) and 1 (the EM is completely reflected to the source, 
Noborio, 2001). At point B, the reflected signal Vr(= ρV0) is added to the 
incident signal (V0), producing an additional signal of amplitude (Topp 
et al., 1988): 

V1 = V0 + Vr = V0 + ρV0 = (1+ ρ)V0 (3) 

The remainder of the wave not reflected at point B travels with an 
amplitude Vt = (1 − ρ)V0 to point C, where the EM is completely re-
flected in-phase, along the waveguides, because the end of the probe 
serves as an open-end circuit with infinite impedance (Topp et al., 1980; 
Mohamed, 2006; Lin et al., 2007, 2015). Part of the returning signal, 
when it reaches the cable/probe interface, is once again reflected 
downward (till point C), and part of it of magnitude (1 − ρ2)V0 arrives at 
the TDR Unit, which records the voltage: 

V2 = V1 +
(
1 − ρ2)V0 = (1+ ρ)V0 +

(
1 − ρ2)V0 (4) 

A complex pattern of gradually decreasing reflections is thus 
generated (Fig. 1c). The step amplitude of the nth-order reflection is as 
follows (Yanuka et al., 1988; Feng et al., 1999): 

Vn = V0

[

(1+ ρ)+
(
1 − ρ2)

∑n− 2

k=0
(− ρ)k

]

(5)  

where k denotes the number of reflections converging at the air-soil 
interface (in a homogeneous medium k=3). Eq. (5) is valid for a num-
ber of reflections n ≥ 2 and for a non-conductive medium. In an atten-
uating medium, Yanuka et al. (1988) suggest that the magnitude of the 
signal decreases by an attenuation factor: 

f = exp(− 2Lα) (6)  

where α is the attenuation coefficient (which mainly depends on the 
conductive and dielectric properties of the medium), and L is the probe 
length. In this case, Eq. (5) can then be written as: 

Vn = V0

[

(1+ ρ)+
(
1 − ρ2)

∑n− 2

k=0
(− ρ)k

(f )k+1

]

(7) 

The asymptotic voltage value Vf (i.e., the measured voltage at long 
travel times) is: 

Vf = V0

[

(1+ ρ)+ f 2(1 − ρ2)

1 + ρf 2

]

(8)  

3. Dielectric measurements using TDR 

It is generally recognized that the dielectric permittivity of liquids 
and solids can be described by a complex number ε∗ (Robinson and 
Friedman, 2002). At the highest TDR working frequencies (i.e., from 200 
MHz to 1.5 GHz), where dielectric losses can be assumed to be negli-
gible, ε∗ reduces to the real part only ε′ (Heimovaara, 1994). Using a 
waveguide (or probe) of known length L, ε′ (≅ the bulk dielectric 
permittivity εb) is measured from the propagation velocity v(=2L/t) of 

an electromagnetic wave along the waveguide through the soil by: 

ε′

= εb =
(c

v

)2
(9)  

where c (=3*108 m s− 1) is the velocity of an EM wave in the vacuum, t 
(s) is the travel time, that is the time that the EM pulse needs to traverse 
back and forth along the TDR-rods of length L (m), and can be written as: 

t =
2L
c

̅̅̅̅̅
εb

√
(10)  

which yields the direct dependence between the travel time t of the 
signal and εb. 

Another fundamental dielectric property that can be obtained from a 
TDR signal is the bulk electrical conductivity, ECb, related to the 
magnitude of energy attenuation, which can be calculated, for example, 
using the thin-section approach of Giese and Tiemann (1975): 

ECb =
KG

Z0

(
2V0

Vf
− 1

)

(11)  

where KG is the geometric constant of the probe of length L. This 
quantity needs to be estimated with a specific empirical procedure by 
immersing the TDR probe in various solutions of known electrical con-
ductivity (Persson and Berndtsson, 2002). 

Other equations relevant to estimating ECb may be found in Dalton 
et al. (1984), Topp et al. (1988), Yanuka et al. (1988), Nadler et al. 
(1991), Lin et al. (2007) and (2008). All these methods provide a good 
evaluation of ECb, especially in the range 0 to 2 dS/m. 

4. Dielectric mixing models for NAPL estimation 

Dielectric mixing models are a valid alternative to using empirically 
derived functions to characterize the dielectric behaviour of a medium 
(Dobson et al., 1985; Dirksen et al., 1993). The mixing laws link the bulk 
dielectric permittivity of a multi-phase medium to the dielectric 
response of each single phase (Hilhorst, 1998; Coppola et al., 2013; 
Regalado et al., 2003; Comegna et al., 2013a). In their classical appli-
cation, these equations described the soil as a mixture of two (e.g.., 
soil-water), three (e.g., soil-water-air) or four (e.g., soil-free water--
bound water-air) dielectric phases. The composite dielectric permittivity 
of the investigated medium depends on the relative weight of each single 
phase. 

Among the many physical models of dielectric permittivity available 
in the literature (De Loor, 1964; Dobson et al., 1985; Regalado et al., 
2003, among others), one of the most widely used mixing models is the 
so-called α-model (Birchak et al., 1974; Roth et al., 1990; Hilhorst, 
1998): 

εα
b =

[
∑n

i=1
Wiεα

i

]

(12)  

where Wi and εi are the volume and the permittivity, respectively, of 
each component, and the exponent α is a curve-fitting parameter that is 
correlated with the internal structure of the medium (it ranges between 
-1 and 1). In particular, this geometric factor is related to the direction of 
the effective layering of the different dielectric components to the di-
rection of the applied electrical field (Hilhorst, 1998). 

For mixtures of soil saturated with water (sw), and for soil-water-air 
(swa) compounds, the α model can be written as: 

εα
sw =

[
(1 − ϕ)εα

s +ϕSεα
w

]
(13)  

εα
swa =

[
(1 − ϕ)εα

s +ϕSεα
w +ϕ(1 − S)εα

a

]
(14)  

where εsw and εswa are, respectively, the dielectric permittivities of the 
soil-water and soil-water-air mixtures, εs, εw, εa are the permittivities of 
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soil particles, water, and air, respectively, S is the effective water satu-
ration and ϕ is the porosity of the sample. 

Recently these models have been extended to estimate the bulk 
dielectric properties of NAPL-contaminated soils (Persson and Berndts-
son, 2002; Francisca and Montoro, 2012; Comegna et al., 2013a; 
Comegna et al., 2016). In this case, following the approach of Rinaldi 
and Francisca (2006), the contaminated medium can be schematized, 
from a dielectric point of view, as a mixture of soil, air and NAPL 
(saNAPL), with soil, water and air: 

εα
b =

[
βεα

saNAPL +(1 − β)εα
swa

]
(15)  

where β is the so-called relative volume of NAPL in water: 

β =
θNAPL

(θw + θNAPL)
=

θNAPL

θf
(16) 

θf(=θw+θNAPL) being the volumetric fluid content, the sum of the 
volumetric water content (θw) and the volumetric NAPL content (θNAPL); 
β ranges between 0 (i.e., soil-water mixtures) and 1 (i.e., soil-NAPL 
mixtures). 

In Eq. (15), the term εsaNAPL (which is the dielectric permittivity of 
the soil-air-NAPL mixture) can be written as: 

εα
saNAPL =

[
(1 − ϕ)εα

s +ϕSεα
NAPL +ϕ(1 − S)εα

a

]
(17)  

where εNAPL is the dielectric permittivity of the NAPL. 

5. TDR studies on NAPL monitoring in soils 

TDR studies on NAPLs are grounded on the basic principle that their 
presence in soils affects the dielectric response of a contaminated me-
dium. In general, in a partly saturated contaminated soil, for a constant 
θw, the measured εb of the medium decreases as NAPL increases because 
commonly encountered NAPLs have a low dielectric permittivity of 2 to 
10 vs. 81 for water (Haridy et al., 2004). Similar effects may also be 
observed with reference to ECb (Persson and Berndtsson 2002; Comegna 

et al., 2019). In the selected studies (see Table 1) it was clearly 
demonstrated that the TDR technique exhibited sufficient sensitivity and 
resolution for characterization of NAPL volumes in contaminated soils. 
However, some difficulties in NAPL evaluation via TDR may arise from 
the fact that the TDR technique supplies the dielectric permittivity of the 
medium in terms of “global response” which means that measured εb 
depends on the total volume of the distinct phases involved (including 
NAPL). Therefore TDR cannot directly discriminate the presence of 
NAPL (Comegna et al., 2016). Furthermore, since the dielectric 
permittivity of most common NAPLs is similar to that of mineral parti-
cles (εs=3-7) and air (εa=1), under certain conditions (e.g., at low water 
content), NAPL presence may be confused with the dielectric response of 
a dry soil (Zhan et al., 2013). Besides, the relationship between the 
dielectric permittivity of the contaminated soil and θNAPL is not univocal, 
in the sense that a given observed permittivity corresponds to different 
volumetric combinations of water and NAPL. Thus, even if both εb and 
θw are available, θNAPL cannot be inferred without additional informa-
tion on the distribution of the fluid phase in the soil (Persson and 
Berndtsson, 2002). Finally, from a physical point of view, the presence 
of NAPLs in soil contributes to complicate transport equations and 
interpretative dielectric models because a new phase is introduced, 
which furthermore can be liquid (immiscible and dissolved) and vola-
tile. In the subsections below the approaches that scientists used to 
overcome such difficulties are described, as well as their main outcomes. 

5.1. NAPL monitoring in homogeneous, variable saturated soils 

Looking at the available research in the literature, a first attempt to 
monitor NAPL in soils using the TDR technique was made by Chenaf and 
Amara (2001). The authors prepared 10 soil samples at a constant water 
content and at three different diesel concentrations. The TDR response 
of clean and contaminated samples was recorded and analyzed. They 
observed an effect of the NAPL (they used diesel oil) on the shape of the 
TDR signal, which is more evident as the NAPL concentration increased. 
They also showed that to better quantify such changes in the TDR 
waveforms, the signal amplitude (i.e., the value, at a fixed time, of the 
reflection coefficient) of the NAPL contaminated signal has to be 
re-scaled, at each instant, by the amplitude of diesel-free waveforms 
(Fig. 2). In this manner the output curve appeared as a succession of 
regularly spaced peaks with decreasing amplitude. Amplitudes of the 
peaks depend on the diesel concentration. 

Other noteworthy results were attained by Persson and Berndtsson 
(2002) who investigated the influence of light NAPLs (they selected a 
sunflower seed oil, an n-paraffin oil and a synthetic motor oil) on TDR 
measurements in a homogeneous silica sand, under saturated and un-
saturated flow conditions. The authors developed a method (two-step 
method) that permitted the NAPL concentration in soils to be deter-
mined by interpreting εb and ECb measurements. Their findings (ob-
tained from a series of laboratory batch tests) are summarized in Fig. 3a 
and b where, at a fixed θw=0.10, the measured εb and ECb are plotted 
against known θNAPL. 

Fig. 4 shows the actual versus estimated θNAPL. The above authors 
obtained a coefficient of determination R2=0.92 and a root mean square 
error of 0.031 cm3/cm3; they also observed that the relative error in the 
θNAPL estimate increases at lower NAPL amounts. This may be due to the 
fact that in almost dry soils, the dielectric response of an NAPL- 
contaminated medium becomes similar to that of an uncontaminated 
soil due to the low dielectric permittivity of air and soil mineral grains 
(Alharthi et al., 1986; Ajo-Franklin et al., 2006). 

The proposed two-step approach requires detailed calibration data-
sets to characterize the dielectric response for a full range of NAPL 
concentrations (i.e., from dry to saturated soil conditions), which re-
stricts the applicability of the method to laboratory-controlled experi-
ments in homogeneous materials. 

The two-step method described by Persson and Berndtsson (2002) 
was subsequently tested by Haridy et al. (2004) who conducted new 

Table 1 
NAPL studies in soils based on the TDR technique.  

Refs. Soil Saturated/ 
Unsaturated 

Contaminant Lab/Field 

Chenaf and 
Amara, 2001 

Repacked Saturated DNAPL Laboratory 

Persson and 
Berndtsson, 
2002 

Repacked Saturated LNAPL Laboratory 

Haridy et al., 2004 Repacked Saturated 
Unsaturated 

LNAPL Laboratory 

Mohamed and 
Said, 2005 

Repacked Saturated LNAPL x 2 
DNAPL x 2 

Laboratory 

Rinaldi and 
Francisca, 2006 

Repacked Saturated LNAPL x 2 Laboratory 

Moroizumi and 
Sasaki, 2008 

Repacked Saturated LNAPL Laboratory 

Olchawa and 
Kumor, 2008 

Repacked Unsaturated DNAPL Laboratory 

Haridy et al., 2011 Repacked Saturated LNAPL Laboratory 
Francisca and 

Montoro, 2012 
Repacked Saturated LNAPL Laboratory 

Comegna et al., 
2013a 

Repacked Saturated LNAPL Laboratory 

Comegna et al., 
2013b 

Repacked Unsaturated LNAPL Laboratory 

Zhan et al., 2013 Repacked Unsaturated LNAPL Laboratory 
Zhan et al., 2014 Repacked Unsaturated DNAPL Laboratory 
Comegna et al., 

2016 
Repacked Unsaturated LNAPL Laboratory 

Comegna et al., 
2017 

Repacked Unsaturated LNAPL Laboratory 

Comegna et al., 
2019 

Repacked Saturated LNAPL Laboratory  
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laboratory NAPL experiments (in both saturated and unsaturated soils). 
The authors observed that the two-step method was inaccurate in the 
case of the fine sand used in their tests since no correlation was observed 
between θNAPL and ECb. They also observed, in most cases, an almost 
linear relationship between θNAPL and εb. 

As the two-step method is not applicable, a different approach was 
introduced in their study using direct measurements of εb and ECb. 
Similarly to Persson and Berndtsson (2002), the procedure is based on 
two distinct steps. In the first step, the water content θw is predicted 
using ECb measurements (as only water has a major impact on ECb): 

θw = 33.45EC3
b − 19.37EC2

b + 4.43ECb − 0.1233 (18) 

Accurate estimates of θw were observed (R2=0.99). Knowledge of θw 
allowed, in the second step, θNAPL to be determined, using the fact that 
changes in εb depend on changes in both θw and θNAPL. The authors 
assumed that the bulk dielectric permittivity of the contaminated me-
dium can be written as: 

εb = εswa + εsaNAPL (19)  

where, in the current approach, εswa can be determined by using a third- 
order polynomial equation as follows: 

εswa = − 201.5θ3
w + 151.54θ2

w + 10.10θw + 2.65 (20) 

It may be noted that the constant terms in Eq. (20) are soil- 
dependent. Again, in their study, the calculated R2 is equal to 0.99. 

Having determined the effect of water on εb, it is possible, from Eq. 
(19), to extrapolate the NAPL effect(i.e., εsaNAPL = εb − εswa) on εb and 
thus to obtain θNAPL by using as a second-order polynomial equation: 

θNAPL = D3
1εsaNAPL + D2ε2

saNAPL + D3εsaNAPL + D4 (21)  

where D1, D2, D3 and D4 are soil-dependent parameters, also depending 
on the soil saturation (i.e., on θw). Table 2 reports D values obtained for 
different θw values in the soil under study. 

Fig. 2. Differences in TDR signal amplitude calculated between diesel and clean (considered as reference) soil samples versus time (from Chenaf and Amara, 2001).  

Fig. 3. Measured (a) bulk dielectric permittivity εb, and (b) bulk electrical conductivity ECb versus known volumetric NAPL content θNAPL in a contaminated silica 
sand at a fixed θw=0.10 (adapted from Persson and Berndtsson, 2002). 

A. Comegna et al.                                                                                                                                                                                                                               



Environmental Advances 9 (2022) 100296

6

Another interesting paper on the NAPL-TDR topic was published by 
Haridy et al. (2011). In this study, the authors tackled the problem of 
mapping NAPL dynamics via the TDR technique in a 2-D multi-fluid flow 
experiment. A box of 0.45 m x 0.54 m x 0.2 m was prepared with a fine 
sandy soil. An NAPL mixed with a dye tracer was applied in four releases 
at the top of the container from a rectangular source placed in the 

middle of the soil surface. In addition to the NAPL, at a certain time 
during the test, a saline water solution and tap water were added to the 
soil, and their dynamics were monitored with time. In all, 42 three-rod 
TDR probes were installed to detect the transport and the location of the 
different fluids in the investigated soil domain, via εb and ECb mea-
surements. In addition to the TDR measurements, NAPL migration was 
also monitored by means of imaging analysis using a digital camera. 
Estimates of NAPL amounts in the soil were obtained using Eq. (21), 
implemented with the parameters of Table 2. 

The authors concluded that the multi-channelled experiment sup-
plied detailed data about the migration of the NAPL with an adequate 
spatio-temporal resolution. Overall, the results showed good agreement 
between the propagation and location of the NAPL detected via TDR and 
digital imaging analysis. The multi-channelled TDR system can be 
considered a good tool for quantitative analysis describing NAPL 
movement in soils. 

Francisca and Montoro (2012) published the results of a series of 
NAPL experiments conducted in soils of different textures, using paraffin 
oil as a contaminant. Their findings were used to calibrate and validate 
the dielectric mixing model of Eq. (17), in which parameter α was fixed 
at 0.5 (i.e., the soil was considered isotropic and homogeneous). 

Fig. 5a shows the dependence of the volumetric fluid content θf over 
the dielectric permittivity of the contaminated medium for different β 
values, which were varied between 0 and 1 (with steps of 0.25). Fig. 5b 
shows the performance of the dielectric model in terms of the volumetric 
NAPL content computed from Eq. (17), and the known θNAPL content 
obtained from an independent data set specifically acquired for model 
validation. The authors observed that, due to the complexity of the 
contaminated soil system, the dielectric permittivity of NAPL- 
contaminated soils is influenced by several factors such as soil 
porosity, volumetric content of water and NAPL, degree of soil satura-
tion, as well as the dielectric permittivity values, at saturation, of the 
fully cleaned and the fully contaminated soils. 

In any case, once the initial and boundary conditions of the 
contaminated system are defined, it is possible to estimate NAPL con-
tents from dielectric permittivity measurements with acceptable accu-
racy (R2>0.90). 

The limit of this approach, and in general of the approaches 
described above, is that it requires calibration curves relating the 
dielectric permittivity and the volumes of fluids θf (i.e., water+NAPL) to 
be constructed for specific soil texture and porosity conditions. 

Finally, Comegna et al. (2016) proposed a different approach for 

Fig. 4. Estimated versus actual θNAPL (adapted from Persson and Berndts-
son, 2002). 

Table 2 
Parameters D1, D2, D3 and D4 and coefficient of determination R2 of Eq. (21) 
(from Haridy et al., 2004).  

θw D1 D2 D3 D4 R2 

0 -4.3814 5.0648 -0.9878 0.1116 0.97 
0.05 -0.0142 0.3639 0.0251 0.0470 0.99 
0.10 0.5925 -1.4027 1.2959 -0.2269 0.96 
0.15 -0.0647 0.1217 0.1092 0.0325 0.98  

Fig. 5. a) Bulk dielectric permittivity εb of water-paraffin oil-sand mixtures versus known volumetric fluid content θf, b) estimated and actual θNAPL content (adapted 
from Francisca and Montoro 2012). 
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estimating NAPL content in variably saturated soils. The new approach 
is based on the interpretation of TDR signals of an NAPL-contaminated 
medium in two different time domains (i.e., t ≅ 25 ns and t ≅ 507 
ns). At the different observation time-windows, TDR waveforms 
generate systematic and time-specific dielectric responses that only 
depend on the amount of NAPL in the porous medium. The authors 
demonstrated that the final value of the reflection coefficient ρf (i.e., the 
ρ value acquired at long times from the wave generator) can be univo-
cally related with θNAPL through the following equation (based on a 
rewrite of the dielectric α mixing model of Eq. (12); for more details see 
Comegna et al., 2016): 

θNAPL =
(1 − ϕ)εα

s + ϕεα
a +

(
acρf +

(
b1εα

b + b2εα
b + b3

))(
εα

w − εα
a

)
− εα

b

εα
w − εα

NAPL

(22)  

where b1, b2 b3 and ac are soil-dependent fitting parameters. Figs. 6 and 7 
illustrate some results of the experiment above described. Fig. 6 reports 
the acquired TDR waveforms at different times. Fig. 7 shows, in a 1:1 
plot, the volumetric NAPL content computed from Eq. (22) and the 
known θNAPL content with reference to three soils with different textures 

and pedological characteristics. The authors calculated a model effi-
ciency, EF, that lies in the range 0.96 to 0.99, at least in the θf domain 
investigated. 

5.2. NAPL monitoring in layered, variable saturated soils 

The matter of characterizing the dielectric behaviour of an NAPL- 
contaminated plume that moves in a layered soil matrix is a further 
complication to the case of homogeneous soils, that has to date attracted 
little attention (see e.g., Barnett, 2002; Zhan et al., 2013, 2014; Come-
gna et al., 2017). 

Some authors (Topp et al., 1982; Zhang et al., 2000; Yu and Yu, 
2006; Comegna et al., 2017, among others) have observed that when a 
TDR signal passes through a soil-layer interface, an impedance change 
occurs with the effect of producing a distinguishable reflection on the 
TDR waveform. This impedance change may also occur in a homoge-
neous soil, in the presence of a wetting front, i.e., at the interface be-
tween the wet and the dry zone, which from a dielectric point of view 
behaves as a discontinuity (Topp et al., 1982) 

Following these considerations, Zhan et al. (2013) and (2014) con-
ducted a series of well-organized and detailed laboratory experiments 

Fig. 6. Examples of TDR waveforms captured at two observation windows (i.e., time t=25.37 ns and t=507.42 ns), for different levels of contamination β (from 
Comegna et al., 2016). 
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aiming to systematically investigate the effects on TDR signals of NAPL 
layers embedded in soils. These effects were studied by arranging an 
experimental layout in which a diesel-contaminated layer was sand-
wiched between (i) two dry sand layers, (ii) two water-saturated sand 
layers, and (iii) a dry sand layer and a water-saturated sand layer. The 

effect of the thickness of each single layer on the shape of the TDR signal 
was also analyzed to predict the height of each single layer. 

They concluded that their methodology may facilitate NAPL detec-
tion in contaminated sites in all the investigated cases except where the 
NAPL layer is embedded between two dry sand layers. Indeed, in this 
scheme, NAPL cannot be identified because the dielectric changes at the 
different layer interfaces are indistinguishable. 

Topp et al. (1982) demonstrated that a wetting front moving in a soil 
profile can be detected by the TDR method. According to Topp’s 
approach, in a soil with two layers, namely i and j, each with its own 
dielectric permittivity, εbi and εbj, and wave travel time, ti and tj, the 
partial length Li (i.e., the length of the wetting front) of the transmission 
line in the i-th layer can be approximated by: 

Li =
cti
̅̅̅̅̅εbi

√ (23)  

and the complementary length, Lj, in layer j may be determined as: 

Lj = L − Li (24)  

where L is the total length of the transmission line (i.e., the probe 
length). In the case of a NAPL contaminated front Li=LNAPL. 

Eq. (23), accordingly to Zhan et al. (2013), can be applied in all those 
situations where a dielectric discontinuity is distinguishable across the 
NAPL front. 

Comegna et al., (2017), starting from Zhan’s et al. (2014) results, 
proposed an innovative formulation for NAPL front detection in soils, 
that allows the NAPL front location in a soil profile to be estimated even 
in those situations in which the TDR waveform does not clearly show 

Fig. 7. Estimated (Eq. (22)) versus actual θNAPL content of contaminated soils 
(adapted from Comegna et al., 2016). 

Fig. 8. Experimental layout for contaminated soil layers simulating the NAPL front (units in centimetres; from Comegna et al., 2017).  
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any evident reflection at the front interface. The methodology is based 
on TDR signal analysis, coupled with ECb measurements. The authors 
implemented a full factorial series of laboratory-controlled tests, based 
on the experimental framework of Fig. 8, in which four distinct scenarios 
of practical interest are proposed. In scenario 1, the authors simulated a 
condition where, at the beginning, a soil sample was completely dry (dry 
layer, DL) or at a uniform water content (water-soil layer with volu-
metric water content of: 0.20, W1L; and 0.30, W2L). At a certain point, it 
was assumed that the NAPL was applied at the sample bottom 
(NAPL+water contaminated soil layer, NWCSL layer), such that the 
front moved upward. In scenario 2, the initial condition was similar to 
that of scenario 1, but now the NAPL source (i.e., NWCSL layer) prop-
agated downward. In the last two scenarios (3 and 4), at the beginning 
soil samples were originally NAPL-contaminated. In these two cases it 
was assumed that the water fraction (NAPL contaminated soil layer, 
NCSL layer) gradually leaves the soil sample from the bottom (scenario 
3) and from the top (scenario 4) of the soil profile. 

The authors stated that the position of the NAPL contaminant front 
can be calculated as a linear function of ECb: 

LNAPL = aECb + b (25)  

where a and b are soil-dependent coefficients that depend on θNAPL and 
θw (see Table 2 of Comegna et al., 2017). 

Fig. 9 shows the relative error (Erel), calculated as the normalized 
difference between predicted (with Eqs. (23) and (25)) and observed 
data. Erel varies between -0.74 and 1.17 (Eq. (23)) and -0.41 and 0.24 
(Eq. (25)), which indicates the satisfactory agreement of the proposed 
Eq. (25). 

5.3. NAPL monitoring during soil decontamination processes 

Rinaldi and Francisca (2006) arranged a laboratory study to measure 
the dielectric permittivity of NAPL-contaminated sands during a 
decontamination process. For the tests, they used paraffin oil and 
lubricant oil as a contaminant, and four different washing solutions (i.e., 
deionized water, a water-detergent solution, a water-detergent-alcohol 
solution, and water vapour). The main results of the research are 
shown in Fig. 10a, b. They demonstrated the efficiency of the applied 
remediation solutions but also the possibility to infer the stage of 
remediation from permittivity measurements. 

On the same topic, Comegna et al. (2013a), and (2019) developed an 
extensive dataset of NAPL contamination-decontamination laboratory 
experiments. The authors used corn oil as a contaminant and three 
washing solutions (ws) for soil cleaning. The washing solutions were 

obtained by mixing different amounts of water, a commercial detergent 
and methanol. The main aim of the experiments was to sustain the 
outcome of Rinaldi and Francisca’s (2006) tests, and in addition to 
quantitatively predict, “in real time”, the presence of the NAPL within 
the soil during the decontamination stage. To achieve the above results, 
the authors, using two distinct datasets, calibrated and validated the 
dielectric mixing model of Eq. (12) which, for a fully saturated medium 
(i.e., θf = ϕ), can be rewritten as (for more details see Comegna et al., 
2019): 

θNAPL =
(1 − ϕ)εα

s + ϕεα
ws − εα

b

εα
ws − εα

NAPL
(26) 

From Eq. (26), θNAPL can be estimated during the progression of the 
soil decontamination if the soil porosity ϕ and the dielectric permittivity 
of the soil-washing solution-NAPL mixture (i.e., εb) are known; εb is 
measurable via TDR. Eq. (26) also requires a priori knowledge of the 
dielectric permittivities of the NAPL (εNAPL) and the washing solutions 
(εws). 

Fig. 11 shows a selection of observed and estimated θNAPL versus 
dielectric permittivity of the multiphase system (i.e., soil-NAPL-washing 
solution) with reference to the different washing solutions (namely wd, 
wda#1, wda#2; for more details see Comegna et al., 2019) used during 
the remediation tests. The authors observed the high performance of the 
developed model to evaluate the residual NAPL content in the soil 
samples. The calculated model efficiency, EF, statistical index was high, 
with mean values greater than 0.90. Overall, quantitative evaluations 
reveal the suitability of the dielectric model adopted to estimate the 
volumetric NAPL content in the θNAPL range 0.15-0.40 (Table 3). 

6. Conclusions 

In this paper, we proposed a state-of-the-art overview of the use of 
TDR technology in monitoring non-miscible contaminants in variably 
saturated soils. With reference to this research topic, interesting papers 
have been published in international journals with an increasing number 
of interested readers over the years. These papers, as shown in section 5, 
deal with the theme of NAPL monitoring in homogeneous and hetero-
geneous soils, under variable saturated conditions. Several studies also 
focused on the problem of NAPL monitoring during soil decontamina-
tion processes. 

The documented research is based on extensive laboratory experi-
ments developed to fully explore and investigate, from a dielectric point 
of view, the complexity of multiphase soil systems contaminated with 
NAPLs. From this complexity, to discriminate NAPL volumes among 
other phases involved, the authors proposed different approaches that 

Fig. 9. Relative error Erel of Eqs. (23) and (25) computed for the four investigated scenarios (from Comegna et al., 2017).  
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are mainly based on the use of dielectric mixing models. Such models, if 
adequately calibrated and validated, allow NAPLs to be quantitatively 
detected in contaminated media. 

The different methodologies proposed and described in the present 
paper can be considered a notable contribution to NAPL detection in 
contaminated soils via TDR. However, there are still some intrinsic 
limitations in the proposed research works that should be overcome to 
consolidate the results so far obtained. Indeed, the procedures described 
require further experiments and data sets, especially at a full field-scale, 
to explore the physical basis of complex soil-NAPL interactions in 
different pedological contexts, and to evaluate the performance of the 
proposed approaches under real field conditions. 
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