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ARTICLE INFO ABSTRACT

Handling Editor: Morgan Cristine L.S. In-situ determination of soil non-aqueous phase liquid content (6nap1) is necessary for early detection of soil
NAPL contamination and preventing the spread of the contamination. Thermo-time domain reflectometry

Keywords: (thermo-TDR), which can simultaneously measure dielectric constant, electrical conductivity, volumetric heat

Soil non-aqueous phase liquid contamination capacity, and thermal conductivity, has the potential to estimate Oyapr. The objectives of the study are i) to

Thermo-time domain reflectometry
Soil electrical properties

Soil thermal properties

Sensitivity analysis

establish a relationship between the four thermo-TDR measured soil properties and soil water content (6,) and
OnapL values and ii) to evaluate the sensitivities of the thermo-TDR measured properties to 0y, and Oyapr, and iii)
to develop a four-parameter based approach to simultaneously determine 6,, and Oyapr. Thermo-TDR mea-
surements were performed on sand and glass beads containing various amounts of water and Canola oil as a
NAPL. In all cases 0,, rather than Oyap;, dominated all four thermo-TDR measured properties. A sensitivity
analysis also indicated that all four properties were more sensitive to 0,, than to OyapL.. Among the four prop-
erties, the dielectric constant, electrical conductivity, and volumetric heat capacity were somewhat sensitive to
OnapL, While thermal conductivity was not sensitive. A new approach using all four thermo-TDR measured
properties (four-parameter-based approach) to estimate 6yap;, was found to be more accurate than the existing
two property-based approaches, i.e., dielectric constant and volumetric heat capacity-based. The root mean
square error (RMSE) values for Oyapy, estimation with the four-parameter-based approach were 0.066 and 0.042
m> m~ for sand and glass beads, while the two property-based approach had RMSE values of 0.180 and 0.220
m® m~3. The four-parameter-based approach enabled suppression of the effects of measurement errors by the
optimization processes and allowed the high sensitivity parameters to cover for shortcomings in the low sensi-
tivity parameters. Use of thermo-TDR sensors with the four-parameter-based approach to determine Oyapy, can
contribute to various NAPL soil contamination studies as a NAPL content quantifying approach.

1. Introduction Once a NAPL reaches the groundwater table, it can be transported
horizontally with the groundwater flow (McCray and Falta, 1997).

In recent years, soil contamination with non-aqueous phase liquid Given that, NAPL contamination in groundwater tends to spread widely.
(NAPL), including oils and volatile organic compounds, has been a Therefore, early detection of NAPL contamination is essential, and in-
critical environmental issue (Soga et al., 2004). A portion of a NAPL situ determination of soil NAPL content (Oyapr) is valuable information.
added to soil can move in the unsaturated zone in both liquid and gas The Onapr of soils saturated with liquid (water and NAPL) can be
phases and eventually reach the groundwater table (Leharne, 2019). determined accurately with dielectric constant measurements (Rinaldi

Abbreviations: NAPL, non-aqueous phase liquid; DPHP, dual probe heat pulse; TDR, time domain reflectometry; RMSE, root mean squared error; MAPE, mean
absolute percentage error.
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and Francisca, 2006; Moroizumi and Sasaki, 2008; Francisca and Mon-
toro, 2012). Researchers have attempted to quantify in-situ Onap;, based
on either soil electrical or thermal properties. Time domain reflectom-
etry (TDR) is a widely used technique to determine soil bulk dielectric
constant (ep) (Topp et al., 1980; Noborio, 2001), and it has been used for
OnapL determination (Ajo-Franklin et al., 2004; Mohanmed and Said,
2004, 2005). The &, measurement with TDR was utilized to detect a
front of NAPL infiltration (Comegna et al., 2018) and decontamination
process of NAPL with soil flushing (Comegna et al., 2019). While some
researchers used ¢, measurements to estimate Oyapr, Moroizumi et al.
(2008) used a dual probe heat pulse (DPHP) technique (Campbell et al.,
1991; Bristrow et al., 1994) to measure soil volumetric heat capacity (C)
and convert it to Oyapy with empirically obtained models. Their
approach showed that Oyapy, of liquid saturated soil could be estimated
accurately.

While Onapy, in saturated soil was successfully determined, its quan-
tification in unsaturated soil has been elusive. Persson and Berndtsson
(2002) used TDR measured ¢}, and soil bulk electrical conductivity (op)
values to determine volumetric water content (6,,) and Oyapy, in variably
saturated soil. Although their approach determined 6, and 6yapr, accu-
rately, its applicability was restricted because of the complicated pro-
cedures, extensive detailed data set necessary for calibration, and
sensitivity of o}, to non-uniform distribution of water and NAPL. Haridy
et al. (2004) reported that the Persson and Berndtsson (2002) approach
did not accurately determine Oyapy, of fine sand. They examined a similar
empirical approach for fine sand, but its applicability was restricted to
relatively small Oyapy, values. Comegna et al. (2016) developed an
improved approach to determine Oyapy from e, and o with a more
general calibration procedure. As an alternative method for quantifying
OnapL in unsaturated soils, Noborio (2005) proposed using thermo-time
domain reflectometry (thermo-TDR). A thermo-TDR sensor combines
TDR and DPHP methods (Noborio et al., 1996; Ren et al., 1999) to
measure two soil electrical properties, e, and op, and two thermal
properties, C and thermal conductivity (A). Noborio (2005) reported that
a combination of C and oy, could determine Oyppr. Aoki and Noborio
(2019) and Ju et al. (2020) used a thermo-TDR sensor to determine 0y,
and OyapL simultaneously in variably saturated soil. They developed an
empirical expression of Oyapy, as a function of C and ey, which provided
relatively accurate determinations of 6y, and Oyap.. So far, studies using
thermo-TDR measurements to determine Oyapr, have involved only two
of the four soil properties that a thermo-TDR sensor can measure. Using
only two properties is feasible because knowledge of only two of the four
properties is required in order to estimate the two unknown parameters,
i.e., 0y and Oyppr. However, a possibility exists that the performance of
thermo-TDR based Onapy, estimations can be improved by utilizing all
four properties, i.e. ep, o, C, and A. For this purpose, it is vital to un-
derstand the effect of 6,, and Onapr, on each soil property.

Therefore, the objectives of this study are as follows: i) to perform
thermo-TDR measurements in soils having various 6,, and Oyap, values
and express the relationships with adequate models, ii) to evaluate the
sensitivity of ep, op, C, and A to 6y, and Oyapy, and iii) to develop a four-
parameter based approach to simultaneously determine 6, and OnapL.

2. Materials and methods
2.1. Thermo-time domain reflectometry theory

The thermo-TDR sensor designed by Ren et al. (1999) was used in
this study. The sensor consists of three 40 mm stainless steel tubes with
0.9 mm and 1.3 mm inner and outer diameters. Tube spacing distance is
about 6 mm. A 75 Q coaxial cable is soldered to one end of each stainless
steel tube to propagate the pulsed electromagnetic signal. The center
tube embeds a resistance heater wire and a type T thermocouple, and the
two outside tubes embed a type T thermocouple. The resistance heater
wire is doubled over twice and produces a heater resistance of 533 Q
m™ L. The thermocouples inside stainless steel tubes are located 20 mm
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away from the tip of the tubes. The thermo-TDR measures ¢}, from the
time that it takes for an electromagnetic signal to propagate along the
tubes (Noborio, 2001):

o= (3)

where c is the velocity of an electromagnetic wave in free space (3 x 10°
m s ), tis the round-trip time (s), and L is the probe length of the
thermo-TDR tubes (m). The op (mS m™1) is determined from the
amplitude of the reflected signal as follows (Noborio, 2001):

K 1 —py

= <?> (1 + pw> @
where K is the geometric constant of a probe (m ™) determined by cal-
ibrations with known electrical conductivity solutions, Z, is the cable
impedance (Q), and p, is the reflection coefficient at a distant point
from the first reflection point on the waveform. The reflection coeffi-
cient is the ratio of the amplitude of the reflected signal to that of the
applied signal. Details of the TDR function can be found in Noborio
(2001) and Robinson et al. (2002).

The DPHP function of the thermo-TDR sensor can be used to deter-
mine C(Jm~3°C ) and A (Wm~'°C™) from the temperature response
of the outer tubes to a heat input applied via the heater wire in the center
tube. The temperature change AT (°C) at the outer tubes is described as
(Bristrow et al., 1994):

’ 2
q _.[-rC
——E 0 <
i 1( YR ) < Ish
AT = } ’ ' 3
q . —r T
— |E —E >
a7l [ ‘(44(: - to)) ‘( YR ) } -
where g’ is heat flux applied at the center tube (W m™1), r is the distance
of the side tube from the center tube (m), t is time (s), to is the heating
duration (s), and Ei is the exponential integral. Eq. (3) is fitted to tem-
perature change with time observations to find the best combination of

C and \. A detailed review of the DPHP method is provided by He et al.
(2018).

2.2. Thermo-time domain reflectometry measurements

Thermo-TDR measurements were performed on Toyoura sand and
on glass beads (ASGB-320, AS ONE, Osaka, Japan). Both Toyoura sand
and glass beads have relatively homogeneous particle sizes. The Toyoura
sand particles had diameters ranging from 0.10 to 0.25 mm, while the
glass beads diameters ranged from 0.025 to 0.075 mm. This study used
Canola oil (density of p, = 920 kg m~%) as the NAPL, because it was safe
to handle and had small volatility. Mixtures of water and Canola oil were
added to sand and glass bead samples to produce various 6y, and OnapL,
values. The materials and water-NAPL liquids were mixed well in plastic
bags by shaking and with crashed aggregates, and stored over night.
Each sample mixture was packed into a 5 cm inner diameter and 5 cm
tall plastic ring at known bulk density (sand: 1,350 kg m~> and glass
beads: 1,400 kg m’g). The volumetric content of the mixed liquids in the
samples, i.e., liquid content (6; = 6y, + OnapL), was controlled to be 0.05,
0.10, 0.15, 0.20, and 0.30 m® m 3. The liquid mixture volumetric ratios
of water and NAPL were 100 to 0, 75 to 25, 50 to 50, 25 to 75, and O to
100, i.e., concentrations of NAPL in liquid were 0, 25, 50, 75, and 100 %,
respectively. A thermo-TDR sensor was inserted vertically into each
packed sample and used to measure electrical and thermal properties. A
datalogger CR1000 (Campbell Scientific, Logan, UT) and time domain
reflectometer TDR200 (Campbell Scientific) were used for data acqui-
sition. For the DPHP measurements, a 70 W m~ ' heat intensity was
applied for 8 s, and associated temperature changes were recorded each
second for 180 s. Eq. (3) was fitted to the entire 180-point temperature
change dataset. The measurements were repeated three times with a 30



Y. Kojima et al.

min interval. Three samples were prepared for each combination of 6y,
and Onapr. Two of the samples were used to develop models of the soil
electrical and thermal properties as functions of 6,, and Oyapy, described
in 2.3, and the other sample was used to validate the approaches to
determine 0,, and Oyap, described in 2.5.

2.3. Model evaluation of the four soil properties

The relationships obtained between 6, and each soil property were
expressed with models that considered the effects of the NAPL. A
dielectric mixing model which expressed ¢, as a function of volume
fraction and dielectric constant of each soil constituent was used when
the sample contained water and NAPL (e.g., Persson and Berndtsson,
2002; Comegna et al., 2016):

e," = 0,8," + 0,,8y* + OnapLenarL” + 0.8," @

where 6 and e are volume fraction and dielectric constant of soil con-
stituents, and o is an empirical parameter for soil geometry. The sub-
scripts s, w, NAPL and a representative solids, water, NAPL and air,
respectively. The values of €, and exapr, were taken from the literature as
80 and 3.1, respectively (Lizhi et al., 2008). The value of « depended on
the geometry of the soil constituents, and it varied with soil and liquid
type. Although Birchak et al. (1974) proposed using a constant value of
0.5, a is often treated as a fitting parameter when matching Eq. (4) to
observations (Regalado et al., 2003). Persson and Berndtsson (2002)
used « as a function of Oyapy, to obtain an accurate fit of Eq. (4) to the
observations. However, this approach required detailed calibration data
which complicated the 0,, and Oyapy, estimation procedure. Values of &g
are reported in the literature for specific compositions of soil particles,
but the actual values are unknown for most soils. Therefore, we used o
and g5 as constant fitting parameters in this study. The oy, values were
determined by the Rhoades et al. (1976) relationship:

Op = GwewT(ew) + O (5)

where o, and o, are the electrical conductivities of soil water and soil
matrix surface (mS m_l), T(6) is the tortuosity coefficient for electrical
current flow. T(0,,) is treated as a linear function of 0, as T(0,,) = a0y, +
b. Because Eq. (5) does not include terms associated with Oyapy, Persson
and Berndtsson (2002) make o, and the empirical parameters a and b
vary with a change in Oyapr. This procedure complicates the calibration
process. In this study, we incorporate new terms associated with Oxapr
into Eq. (5) as follows:

Op = 6O, T(6y) + OnapLONAPLT (BxapL) + O (6)

where onapL is the electrical conductivity of NAPL, T(6napy) is the tor-
tuosity coefficient for electrical current flow affected by the presence of
NAPL. Although NAPL is an insulating material, e.g., electrical con-
ductivity of Canola oil is smaller than 5.0 x 107® mS m™! (Sankaran
et al.,, 2019), we assume it somewhat affects the electrical current
pathway by influencing water distribution and soil particle connectivity.
We treat T(Onapr) as a linear function of Oyapr, as T(Onapr) = dOnapL + €
similar to T(0,). The o, value is set at 242 mS m~! (Persson and
Berndtsson, 2002), and onapL, Os, and empirical parameters a, b, d, and e
are determined by data fitting.

The C is described as the sum of the products of the volume fraction
and volumetric heat capacity of each soil constituent (de Vries, 1963):

C = 0,C; + 0,,Cy + OnapL CnarL + 0,C, @

where Cs, Cy, CnapL, and C, are volumetric heat capacities (J m2°ch
of soil solid, water, NAPL, and air. The values of Cy, and Cnapy, are 4.18
x 10 I m~3°C ! and 1.69 x 10° J m~3°C~! at 20 °C (de Vries, 1963;
Rojas et al., 2013). The fourth term, 6,C, is often ignored because the C,
is smaller than those of other soil constituents. The 6;C; value depends
on soil materials and bulk density, and in this study, we determine it by
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data fitting. Mochizuki et al. (2007) calculate A of NAPL contaminated
soil based on 0y, Onapr, and thermal conductivities of soil containing
either water or NAPL only ()\,, and Anapr). We incorporate weighting
factors, wy and wy, to express the relationship more accurately:

_ w10y Ay + waOnapLANaPL

A
w10y + Wr0napL

(8

It is necessary to model the A, and Anapr as a function of 6; where 6;
= 0y for Ay and 0] = OnapL for AxapL to use Eq. (8). We use an expression
similar to the model proposed by Lu et al. (2014):

M = Aay +exp(y, — 91713')

AnapL = Aary + €XP (Yz - 6]7[32) 9

where Aqyy is the thermal conductivity of an oven-dried soil (W m!
°C™Y), B1, B2, v1, and y are empirical parameters associated with soil
type. While Lu et al. (2014) provide equations to predict Agry, B, and y
from soil texture and bulk density, we determine them by fitting Eq. (9)
to the thermal conductivity observations with soils containing only
water or NAPL. After the determination of empirical parameters in Eq.
(9), wy and wy in Eq. (8) are determined by fitting Eq. (8) to the thermal
conductivities of soils containing both water and NAPL. The model
performance is evaluated with the root mean squared errors (RMSE) and
the mean absolute percentage error (MAPE) (Yilmaz and Kaynar, 2011):

> Kobsern — Xmodel}z
n

RMSE = 10)

Xobserv — Ximodel

1
MAPE = — 1 11
=D x 100 an

where X is the electrical or thermal properties, the subscript observ and
model represent the values measured with thermo-TDR and the modeled
values. The influence of NAPL on soil electrical and thermal properties is
discussed based on these models.

Xobserv

2.4. Sensitivity analysis

The sensitivity of each soil property to changes in 6y, and Oyapr, was
evaluated. The sensitivity analysis procedure followed Kojima et al.
(2018) with the models for each property shown in 2.3. The 6, and Oyapr,
values were set from 0 m® m > to 0.50 m® m 3 with increments of 0.1 m®
m 2. The cases for which the total of 0, and Oyapy, i.e., 01, was larger
than porosity (0.50 m® m~3) were eliminated, and 21 cases were tested.
In each case, a + 1 % error was incorporated into 0,y and Oyapr, and the
change in each property was calculated. The sensitivity coefficients were
calculated with the following equation (Kojima et al., 2018):

_Oyx

wfmy 12)

where y represents electrical or thermal properties, and x represents 6y,

or OyapL. The values of ¢ were used to identify which properties were
significantly affected by changes in 6, and Oyapr..

2.5. Determination of water and non-aqueous phase liquid contents

The determination of 6,, and Oyapy, is performed via three different
approaches. The first approach is based on the values of € and C, which is
similar to Noborio (2013) and Ju et al. (2020). Eq. (13), which de-
termines 6, from € and C values, can be derived by combining Egs. (4)
and (7):

_ CrarL (8" — €.%) — CnarL8s(&" — €,%) — (C — C)(enapL” — &%)

0
" CrarL(Ew® — €,%) — Cy(EnapL® — €,%)

13)
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Once 60y, is determined with Eq. (13), OnyapL can be determined with
Eq. (7).

The second approach is based on & and A values. While de-
terminations of C are affected by the deflection of probe spacing, which
can occur when a sensor is inserted into a soil, the determination of A is
independent of the probe spacing. Therefore, we examine the use of €
and A to determine 6, and Oyapr. Equations (4) and (8) are relatively
complicated, and it is not easy to derive a simple form to determine 6,
and Onapr. Thus, we determine the best combination of 6,y and Oyapy, by
optimization to minimize the absolute relative errors between the
measured values and the estimated values for both g, and A.

The third approach uses all four thermo-TDR measured parameters.
The best combination of 6,y and Oyapy, that yields the smallest total ab-
solute error between the measured and estimated values is found by
optimization. The total absolute relative error &, is calculated as follows:

6[ _ €b, observ — Eb,model Gb, observ — Ob,model ‘Cob.xerv — Cmodel
€b.observ O observ Cobserv 14)
}\oh.wrv — }\model
}"vluen*

The initial estimate of 0,, and Oyapy, for this optimization with Eq.
(14) must be carefully determined to avoid falling into local minima,
which may result in inaccurate estimation of 6,, and Oyapr. In this study,
we use 0, calculated with Eq. (13) for initial estimates of 6,, and perform
a two-step optimization process. We first optimize only Oyapr, with a 0.1
m® m 3 as an initial estimate. After that, the second optimization of both
0w and Onapy, is performed using the Oyapy, values from the first optimi-
zation as an initial value. The Microsoft Exel Solver function is used to
perform the optimization.

The 0, and Onap. values determined with each approach are
compared with reference values, which are known when preparing the
samples, and its estimation performances are evaluated with RMSE
values calculated with Eq. (10) where the soil property X is replaced by
BW and eNApL.

3. Results and discussion
3.1. Effects of soil water and NAPL contents on soil properties

Fig. 1 presents various relationships between &}, and 6, for the sand
and the glass beads. The effects of various NAPL concentrations on €}, are

shown as different color plots. The g}, values increased as 6 increased,
but the increase rate depended on NAPL concentration in the liquid. The

25
(a) Sand
NAPL %
~ 20 I inthe Liquid
S ® 0%
@ ® 25%
cC L
§ 15 50%
o °® 75%
o 10 ® 100%
9
Q
a
5
0

0 0.1 0.2 0.3

Volumetric liquid content (m3 m=3)
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lower the concentration of NAPL in the solution (the larger the per-
centage of water), the larger the increase in ey, and conversely, the
higher the concentration of NAPL, the smaller the increase. For example,
while the e, value increased by 16.4 as 0; increased from 0.05 m® m 2 to
0.30 m® m~3 for 0 % NAPL concentration, the ¢, increase was only 1.0
for 100 % NAPL. Compared to sand, glass beads have slightly larger &},
values over the entire range of 6,y and Oyapr. These trends occur because
NAPL has a smaller ¢ value than does water. The 0,, dominates the ¢y,
and the effect of NAPL contamination is relatively small. The fitting
results of Eq. (4) are also shown as solid lines in Fig. 1. The obtained
fitting parameters are shown in Table 1. Eq. (4) expresses the relation-
ship between 0y, OnapL, and e, well for both sand and glass beads. The
RMSE values are 0.59 for sand and 0.51 for glass beads, and the MAPE
values are 7.6 % for sand and 5.3 % for glass beads. The glass beads
experience slightly better fits due to smaller measurement errors in &,
The estimated values of &5 and « are reasonable. The g5 of sand is 3.69,
which is close to the e of quartz, 3.8, and that of glass beads is 7.51,
which is within the range of reported € values for various glass materials,
from 3.8 to 9.5 (Frederikse, 2009). The a values are similar to values
reported in earlier studies, e.g., 0.5 by Birchak et al. (1974) and 0.65 by
Dobson et al. (1985). This implies that the NAPL intrusion does not in-
fluence the geometry of soil constituents.

The relationship between 6 and o}, is presented in Fig. 2. The o},
values increased as 0 increased. The rate of increase was greater when
the concentration of NAPL in the solution was low. When 0, increased
from 0.05 m® m ™ to 0.30 m® m’3, the increase in o}, of the sand was 3.4
mSm ! and 0.6 mS m~! for 0 % and 100 % NAPL concentration, while
for the glass beads the increases in o, were 19.9 mSm ™! and 0.3mSm L.
Only slight increases in the oy, value occurred when NAPL concentration
was 100 %. This indicated that the NAPL had a negligible effect on o},
and that o, wasmainly governed by 0. The slight increase might be
associated with the increased electrical pathway associated with NAPL
connecting the soil particles. Thus, as we assumed in Eq. (6), NAPL
affected o}, even though it had a small electrical conductivity. The oy,
values of glass beads were approximately-three times larger than those
for sand. This could be due to the smaller pore size and more sparse
water distribution in the glass beads, resulting in a more diverse transfer
pathway. Looking at the fitting results of Eq. (6) (solid lines in Fig. 2 and
fitting parameters are shown in Table 1), the relationship between 6; and
op can be expressed relatively accurately. However, when compared to
€p, some measured o}, values are noticeably different from the model.
This implies that o}, is susceptible to minor variations in 0, temperature,
and bulk density, and that measurement errors may be significant.

25
(b) Glass beads
NAPL %
= 20 [ inthe Liquid
S ° 0%
7 ° 25%
C -
§ 1° 50%
L ° 75%
3 10 e 100%
9
o
a
5
0
0 0.1 0.2 0.3

Volumetric liquid content (m3 m=3)

Fig. 1. The relationship between soil volumetric liquid content and bulk dielectric constant. Points are the observations and solid curves are fits of Eq. (4) to data.
Different colors represent different concentrations of non-aqueous phase liquid (NAPL) in the soil liquid.
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Table 1

Parameters obtained by fitting models to measured values. Dielectric constant of soil particles (gs) and soil geometry factor («) for Eq. (4), electrical conductivity of soil
particles and non-aqueous phase liquid (NAPL) (o, and onapr) and tortuosity parameters (a, b, d, e) for Eq. (6), volumetric heat capacity of dry soil (6sCs) for Eq. (7), and
weighting factors (w; and wy), thermal conductivities of dry materials (Aary), and shape factors (1, P2, y1, and y2) for Egs. (8, 9).

Material Dielectric constant Electrical conductivity
€s o Gs ONAPL a b d e
(mSm™) (mSm™1)
Sand 3.69 0.54 3.47 1.28 0.102 0.013 0.004 1.097
Glass beads 7.51 0.68 4.16 2.01 0.336 0.152 0 2.494
Material Volumetric heat capacity Thermal conductivity
65Cs wy wy Adry 1 B2 Y1 Y2
Gm23°ch Wm'ech
Sand 1.10x10° 0.70 0.30 0.30 0.24 0.29 1.97 117
Glass beads 0.97x10° 0.59 0.41 0.20 0.28 0.32 0.92 0.22
10 30
< (a) Sand = (b) Glass beads
£ " NAPL % € 55 | NAPL%
€ g | inthelLiquid ? in the Liquid
- ° 0% ° - ° 0%
g | e25% 220 e25%
= 50% = 50%
S 6 759 S 15 e 75% ‘
© ° o )
5 | ©100% 5 ® 100%
° o 10 ¢ ]
g 4 [ o=t &t ——%— 3
= E 5 L
3] R
ks ks
Lu 2 L 1 1 1 1 1 LIJ O 1 1 1 1 1 1
0 0.1 0.2 0.3 0 0.2
Volumetric liquid content (m3 m™3) Volumetric liquid content (m3 m=3)

Fig. 2. The relationship between soil volumetric liquid content and bulk electrical conductivity. Points are the observations and solid curves are fits of Eq. (6) to data.
Different colors represent different concentrations of non-aqueous phase liquid (NAPL) in the soil liquid.

Because NAPL is not soluble, in addition, there is a possibility that non- of the difficulty to obtain accurate o, measurements. The fitted onapL
homogeneous distributions of NAPL in soil affected the measured o}, values relatively large, i.e., 1.28 mS m~! and 2.01 mS m~* for sand and
values. The RMSE values for sand and glass beads were 0.3 mS m~! and glass beads. The actual electrical conductivity of Canola oil was reported
1.6 mS m~ !, and MAPE values for sand and glass beads values were 5.6 to be smaller than 5.0 x 107° mS m ™! (Sankaran et al., 2019), so these
% and 13.4 %. The MAPE value for glass beads was large in part because numbers were products of data fitting and did not represent actual
3.0 3.0
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Fig. 3. The relationship between soil volumetric liquid content and volumetric heat capacity. Points are the observations and solid lines are fits of Eq. (7) to data.
Different colors represent different concentrations of non-aqueous phase liquid (NAPL) in the soil liquid.
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values. Because we assumed that NAPL intrusion altered water distri-
bution in pores causing a change in oy, the relatively large onapy, values
indicated that they included the effect of water electrical conductivity.

Fig. 3 shows the relationship between 6, and C. Increases in 6
increased C, and the increases were larger at low solution concentra-
tions. Unlike ¢, and oy, the trend of 0; and C was linear, because C is
proportional to the volume fraction of each soil constituent as expressed
by Eq. (7). The C of sand increased from 1.4 MJ m2°C!to21MJ
m 2 °C7!, and the C of glass beads increased from 1.2 MJ m 3 °C~! to
2.0 MJm3°C ! as 0 increased from 0.05 m® m > to 0.30 m® m 2 when
NAPL concentration in the solution was zero. The C values of sand went
from 1.2 MJm >3°C ! to 1.7 MJ m 3 °C~%, and those of glass beads went
from 1.1 MJ m 2 °C™! to 1.5 MJ m~2 °C!, when NAPL concentration
was 100 %. Fig. 3 presents the fitted Eq. (7) values as solid lines, and the
fitted parameters are shown in Table 1. The line slope is Cy for 0 %
NAPL, and Cyapr, for 100 % NAPL. Although Eq. (7) described the re-
lationships well, some points differed from the fitted lines. Rather than
being actual differences associated with real phenomena such as inho-
mogeneous distribution of water and NAPL, the deviations were likely
caused by small changes in probe spacing when the thermo-TDR sensor
was inserted into a sample. Because C represented a sum of products of
volumetric heat capacity and volume fraction of soil constituents, C was
not influenced by how the constituents distributed in the sampling
volume. We observed significant measurement errors in 6] = 0.30 m®
m ™~ sand, possibly due to a probe deflection. Because the 6; = 0.30 m®
m~® sand sample was packed relatively hard compared to the other
samples, a change in probe spacing critical to C determination might
have occurred when the probe was inserted into the sample. Other than
the 6; = 0.30 m® m~ sand, glass beads with a high NAPL concentration
(>50 %) showed relatively large errors, which was also possibly due to a
probe deflection. The RMSE and MAPE values were 0.07 MJ m ™3 °C™?
and 3.0 % for sand, and 0.11 MJ m > °C ™! and 5.9 % for glass beads. The
RMSE and MAPE values of glass beads were slightly larger than those of
sand. This occurred because the errors were larger for glass beads than
for sand in samples with high NAPL concentration (>50 %) as
mentioned earlier.

The slopes of the A(6)) curves were relatively large when 0 was small,
and the slopes decreased as 0; increased (Fig. 4). This was because the
liquid induced an increase in connectivity of soil particles when 6, was
small, and it was also observed when the liquid consisted only of NAPL.
The X of sand increased from 1.2 Wm ™' °C ! t0 2.2 Wm™! °C™?, and the
M of glass beads increased from 0.4 Wm ™! °C 1 t0 0.8 Wm ™ °C ! as 6
increased from 0.05 m® m~3 to 0.30 m® m~> when NAPL concentration
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in the solution was zero. Related values for sand were from 0.6 W
m1°C t0 1.1 Wm™! °C™}, and those of glass beads were from 0.3 W
m ! °C !0 0.5 Wm™! °C! when NAPL concentration was 100 %. The A
of sand was approximately twice that of glass beads. This was reasonable
because the soil particles had the largest thermal conductivity among
the soil constituents, and the larger particle size, the larger the thermal
conductivity. The slopes in the A(6;) curves decreased as NAPL concen-
tration in the solution increased, because A of NAPL was smaller than
that of water, 0.17 W m™! °C™! and 0.58 W m™! °C™, respectively
(Rojas et al., 2013; de Vries, 1963). The fitted Egs. (8) and (9) are shown
in Fig. 4 as solid curves, and the fitted parameters are shown in Table 1.
Egs. (8) and (9) captured the relationship between 0; and A quite well.
The RMSE and MAPE values were 0.04 Wm ™! °C™! and 2.3 % for sand,
and 0.02 W m ! °C! and 3.1 % for glass beads. The MAPE of 1. was the
smallest among the four parameters. It indicated that the scattering of
the measurement plot was slight, and the measurement accuracy was
high. It was attributed to the fact that the A measurements were inde-
pendent of the probe spacing and were not affected by probe deflections.

3.2. Sensitivity analysis

The sensitivity analysis helps us to evaluate how sample water and
NAPL contents affect electrical and thermal properties. Fig. 5 shows how
@ of each soil property varies when both 6,, and Oyapy, are 0.15 m®m3.
The ¢ of sand ¢, to 0,, has a large value, 1.78, and those of other pa-
rameters are within a range of 0.27 to 0.33 (Fig. 5(a)). It indicates that &,
varies more drastically than the other parameters at the same 6,, value.
Thus, it is likely that 6,, can be estimated accurately from e, measure-
ments. This is also supported by the large dielectric constants of water,
80, compared to those of other soil constituents, e.g., 3-10 for particles
and 3.1 for Canola oil. This large difference resulted in the g}, being more
likely controlled by soil water content while NAPL effect faded in
comparison. The other three parameters, o}, C, and A, showed a similar
degree of change for the 0, value. The ¢ of sand properties to Oyapy, Were
smaller than those for 6y, (Fig. 5(b)). The ¢ of &, for 6,, compared to Oxapr.
was significantly reduced from 1.78 to 0.23. The ¢ of sand e}, op, and C
to OnapL were within a range of 0.14 to 0.23, but the ¢ of A with OyapL
was small, i.e., 0.02. It indicates that A was the least likely parameter to
change as Oyapr changed. The ¢ values of glass beads with 6,, were
similar to those of sand. The only difference was that the ¢ of oy
increased from 0.33 to 0.75 (Fig. 5(c)). The increase of ¢ of 6}, occurred
because the o}, of glass beads was approximately-three times larger than
that for sand (Fig. 2). Among the ¢ for 6nap. values, ¢ of electrical
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Fig. 4. The relationship between soil volumetric liquid content and thermal conductivity. Points are the observations and solid curves are fits of Egs. (8) and (9) to
data. Different colors represent different concentrations of non-aqueous phase liquid (NAPL) in the soil liquid.
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Fig. 5. Sensitivity coefficients of the soil bulk dielectric constant (ep), bulk electrical conductivity (c},), volumetric heat capacity (C), and thermal conductivity (1)
when soil water content (0,,) and soil non-aqueous phase liquid content (Oxap.) each have a value of 0.15 m®m3. (a) Sensitivity coefficient of sand to 0, (b)
Sensitivity coefficient of sand to Oyapr, (c) Sensitivity coefficient of glass beads to 6y, and (d) Sensitivity coefficient of glass beads to Onapr.

properties was smaller than those for sand, while the ¢ values of thermal
properties were similar to those for sand. The glass beads ¢ values
tended to be significant for the properties that depended on the volume
fraction of constituents, i.e., ey and C, and to be small for the properties
that depended on the connectivity of constituents, i.e., o, and A. In both
materials, sensitivities to 6,y were more significant than those to Oyapr,
for all parameters. This indicated that the four parameters were more
affected by changes in 0, than by changes in 6xapr.

Fig. 6 presents ¢ of the glass beads as a function of 6,y and 6yapy, in
contour plots. The ¢ values increased as 6y, increased, and the ¢ values
increased as Onapr, increased. While the ¢ to 0,, was little affected by
OnapL, the @ to Oyapr, was affected by changes in 0y, i.e., @ to OnapL
increased as 0,y decreased. Only the ¢ of A showed a notable trend. The ¢
of A to 0, increased as Oyap, decreased, and the ¢ of A to Oyapy, increased
as 0y decreased. The ¢ of A to OyapL were generally small, but they
showed relatively large values (0.26-0.30) when 6,, was zero. The NAPL
connected the soil particles, i.e., built bridges, and controlled A when
there was no water, but such a role was taken away by the water even
with a small amount of water present. Sand showed a similar trend,
albeit with different values (data not shown). The sensitivities of the four
properties to water and NAPL in soil were revealed. The parameters best
suited for 6,y and Onap. determinations might be determined overall
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from sensor measurement accuracy and sensitivity strength.

3.3. Estimation of soil water and NAPL content

Three different approaches were tested to estimate 0,y and Oyapy, from
the thermo-TDR measurements. Fig. 7 shows the 6,, and Oyapy, values
estimated by the first (e, & C-based) approach. The 8, of sand was
accurately estimated with this approach, although there were slight
overestimations when 6,, was small, i.e., a range of 0 to 0.05 m®m3
(Fig. 7(a)). The first approach determined 6,, directly from &, and C
values with Eq. (13), so that the measurement errors in the two pa-
rameters led to the errors in 0,,. The sand Oyap;, estimations showed a
scattering of data points (Fig. 7(b)). When the NAPL concentration in the
soil solution was large, such as 75 % and 100 % (red and black points in
the figures), the estimated Oyapy, values were similar to the reference
values (close to the 1:1 line), and Oyapr, was found to be estimated
accurately. However, Oyap, values were overestimated as the NAPL
concentration decreased. When the reference Oyapy, value was zero, this
approach sometimes gave a Oyapr, value larger than 0.40 m® m3. As
with 0y, the Oyap. value was calculated directly from the measured
values of e, and C with this approach. Thus, the measurement errors
were included in the estimated Oyapr, value. In addition, as shown from
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Fig. 6. Contours are presented of the glass beads sensitivity coefficients of soil bulk dielectric constant (gp,), bulk electrical conductivity (c}), volumetric heat capacity
(C), and thermal conductivity (A) to soil water content (0y) (panels (a), (c), (e), and (g)) and soil non-aqueous phase liquid content (Oyapr) (panels (b), (d), (),

and (h)).
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Fig. 7. Soil volumetric water content (6y,) or volumetric non-aqueous phase liquid content (6nap1) estimated with the soil bulk dielectric constant and volumetric
heat capacity-based approach are compared to the reference values. The subscripts of estimated and reference indicate estimated and reference values of 6,, or Onapr..
Different colors represent different concentrations of non-aqueous phase liquid (NAPL) in the soil liquid. Panels (a) and (b) present results for sand, and panels (c) and

(d) present results for glass beads.

the sensitivity analysis, the sensitivity of e, and C to Oyapy, decreased as
0y increased, so Oyapr, estimation accuracy decreased as the NAPL con-
centration decreased. The RMSE values of the 0,, and Oyapy, estimations
were 0.034 m® m ™2 and 0.180 m® m 3. The 6,, values of glass beads were
estimated more accurately than those for sand (Fig. 7(c)). Over-
estimations of 0,y at small 0,, values were not observed. The Oyapy, values
of the glass beads were close to a 1:1 line when the NAPL concentrations
were 75 % and 100 %, indicating that the estimated Oyapy, values were
accurate (Fig. 7(c)). Meanwhile, Oyapy, was highly overestimated when
NAPL concentrations were smaller than 75 %. A possible reason for this
phenomenon was similar to that discussed for the sand, i.e., the effect of
estimation errors in 0y, on Oyap;, estimation got stronger as NAPL con-
centration decreased, because of a decrease in the sensitivities of both ¢y,
and C to Oyapr- The RMSE values for 6,, and Oyap., estimations in glass
beads were 0.010 m® m~ and 0.220 m® m 3. The good estimates of 0y,
were due in part to the accurate glass beads ¢}, values. The e, & C-based

approach effectively determined large Onapr values, while it over-
estimated Oyap., when actual Oyapy, values were relatively small.

The 0,y and Onapr, values estimated with the second (ep & A-based)
approach are presented in Fig. 8. For both sand and glass beads, esti-
mated 0, values plotted near to the 1:1 line, indicating that the second
approach provided accurate estimates (Fig. 8(a) and (c)). The estimated
OnapL values for both sand and glass beads were distributed between 0
m®m " t0 0.15 m® m’g, and there was no clear correlation between the
estimated values and the reference values (Fig. 8(b) and (d)). The
limited sensitivity of A to Oyap. might have caused inaccurate de-
terminations of Oyapy, (Fig. 5). Although the measurement errors in A
were small (Fig. 4), the A values did not contribute much to the deter-
mination of Oyapr. The 6y, values were accurately estimated from e, and
A, because both were sensitive to 6. The e, & A-based approach was not
suitable for Oyapr, determination. The RMSE values of 0,, and Oyapr, €s-
timations were 0.017 m® m~3 and 0.078 m® m~ for sand, and 0.011 m®
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Fig. 8. Soil volumetric water content (6,,) or volumetric non-aqueous phase liquid content (Oyap) estimated with the soil bulk dielectric constant and thermal
conductivity-based approach are compared to the reference values. The subscripts of estimated and reference indicate estimated and reference values of 6, or Onapr.
Different colors represent different concentrations of non-aqueous phase liquid (NAPL) in the soil liquid. Panels (a) and (b) present results for sand, and panels (c) and

(d) present results for glass beads.

m~2% and 0.072 m® m~3 for glass beads. The RMSE values became smaller
than those with the e, & C-based approach because large over-
estimations of Oyapy, observed in Fig. 7 did not occurred.

The 6, and Onapr values estimated by the third (four-parameter-
based) approach are shown in Fig. 9. The 0,, values of sand did not differ
much from the initial values calculated with Eq. (13) (Fig. 9(a) and (c)),
indicating that the four-parameter-based approach accurately estimated
0. The RMSE values of the 0,, estimations were 0.029 m® m~2 and
0.011 m® m~ for sand and glass beads, similar to the RMSEs of the g, &
C-based approach. The four-parameter-based approach provided better
OnapL estimations than those from the first and second approaches.
While some points converged to zero as a result of optimization, most
points were distributed near the 1:1 line (Fig. 9(b), (d)). For reference
values smaller than 0.1 m® m ™~ some of the sand estimates converged to
zero, but the glass beads estimates and the sand estimates larger than
0.1 m® m~3 were consistent with the reference values. In particular, the

glass beads Oyapr estimates were quite accurate. A significant over-
estimation at a reference Oyapy, value of zero occurred for one sand value
of Onap = 0.198 m® m 3. Thiswas a significant improvement over the g},
& C-based estimates. The RMSE values of Oyapy, estimations were 0.066
m® m~3 and 0.042 m® m~3, which were the smallest values among the
three approaches. Compared to the e, & C-based approach, the four-
parameter-based approach estimated Onapy, indirectly, averaging out
the effects of measurement errors in each parameter. Thus, the accuracy
was greatest for Onap, estimations with the four-parameter-based
approach.

The estimation accuracy of Oyapr, Was better for glass beads than for
sand. It might be due to a pore size effect, because NAPL was insoluble,
water and NAPL existed separately in soil pores. Although an effort was
made to pack samples with uniform water and NAPL distributions, in-
ternal movement might have occurred during measurements, resulting
in non-uniform distributions in the samples. Such a phenomenon could
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Fig. 9. Soil volumetric water content (0,,) or volumetric non-aqueous phase liquid content (Onap;) estimated with the four-parameter-based approach are compared
to the reference values. The subscripts of estimated and reference indicate estimated and reference values of 0, or Oyapr. Different colors represent different con-
centrations of non-aqueous phase liquid (NAPL) in the soil liquid. Panels (a) and (b) present results for sand, and panels (c) and (d) present results for glass beads.

more readily manifest in the sand, which had larger pore sizes than the
glass beads. While the four-parameter-based approach provided rela-
tively accurate estimates of Oyapr, a challenge remained to accurately
estimate small Oyap;, values in coarse soils. Future research should
investigate the use of additional thermo-TDR sensor designs like that of
Peng et al. (2019), which might be able to increase the measurement
accuracy of each parameter and improve the accuracy of Oyapy, estima-
tions. Although this study investigated Canola oil as a NAPL, slightly
different results are expected for other NAPL compounds, so future in-
vestigations are encouraged.

4. Conclusions

We focused on the use of a thermo-TDR sensor as a tool to estimate
in-situ NAPL content in variably-saturated contaminated soil and
established a relationship between four thermo-TDR soil properties (ep,
op, C, and 1) and water and NAPL contents. Our newly established

10

relationship was expressed via conventional or new models, and the
sensitivity of each soil property to 0,, and Oxap;, was evaluated based on
the models. Furthermore, we proposed and evaluated three different
approaches to estimate Oyapr, values from thermo-TDR measured soil
parameters, i.e., the g, & C-based, the &, & A-based, and the four-
parameter-based approaches. A sensitivity analysis revealed that 6,
rather than Oyap;, dominated all four thermo-TDR parameters. The
sensitivity of the four parameters to Oyapy, varied among the samples.
The sensitivities of electrical properties were more significant than those
of thermal properties for sand. The sensitivities of volume-based prop-
erties, ep and C, were more extensive than those of connectivity-based
properties, op and A, for glass beads. The e, & C-based approach to es-
timate OyapL values, which calculated Oyapy, values directly from e}, and
C, was susceptible to measurement errors, and the e, & A-based approach
failed to estimate the Oyapy, because of the small sensitivity of A to Oyapr.
For the four-parameter-based approach the effects of measurement er-
rors were suppressed by the optimization process, which allowed the
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more highly sensitive parameters to cover for the lower sensitivity pa-
rameters. Thus, the four-parameter-based approach provided the most
accurate estimations of Oyapr. Use of the thermo-TDR sensor to deter-
mine Onapr, values should contribute to future NAPL contamination
studies in soil.
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