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Abstract

Thermal conductivity is one of the key parameters for estimating low-temperature geothermal potential. In addition to field
techniques, it can be determined based on physical parameters of the sediment measured in the laboratory. Following the
methodology for cohesive and non-cohesive sample preparation, laboratory measurements were carried out on 30 samples
of sediments. Density, porosity and water content of samples were measured and used in thermal conductivity estimation
models (TCEM). The bulk thermal conductivity (4,) calculated with six TCEMs was compared with the measured 4,, to
evaluate the predictive capacity of the analytical methods used. The results show that the empirical TCEMs are suitable
to predict the 4, of the analysed sediment types, with the standard deviation of the residuals (RMSE) ranging from 0.11 to
0.35 Wm~! K~!. To improve the fit, this study provides a new modified parameterisation of two empirical TCEMs (Kersten
and Coté&Konrad model) and, therefore, suggests the most suitable TCEMs for specific sample conditions. The RMSE ranges
from 0.11 to 0.29 Wm~! K~!. Mixing TCEM showed an RMSE of up to 2.00 Wm™~' K™!, meaning they are not suitable for
predicting sediment A,. The study provides an insight into the analytical determination of thermal conductivity based on the
physical properties of sediments. The results can help to estimate the low-temperature geothermal potential more quickly
and easily and promote the sustainable use of this renewable energy source, which has applications in environmental and
engineering science.
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Introduction

Low-temperature geothermal energy sources represent
renewables that could contribute to the achievement
of the environmental goals (EU Directive 2018/2001/
EC 2018; EGEC 2021). Their use for heating and cool-
ing of buildings should therefore be important in future
energy management plans (Bayer et al. 2019), as it could
help to reduce greenhouse gas emissions. This is espe-
cially important in densely populated areas, which are
often developed on alluvial plains. Alluvial plains mainly
consist of unconsolidated sediments, which are naturally
occurring material composed of minerals and organic par-
ticles displaced by a variety of earth processes (Mega-
han 1999). Sediments have different thermal properties,
so their accurate determination is important for planning
subsurface heat utilisation. Among them, bulk thermal
conductivity (4,) is the key parameter as it controls the
ability of sediments to transfer heat (Somerton 1992). It
can be influenced by many factors such as water content,
density, mineral composition, particle size and anisot-
ropy (Woodside and Messmer 1961; Fuchs et al. 2013;
Luo et al. 2016; Albert et al. 2017a,b; Yan et al. 2021).
The thermal response test is the most reliable method for
determining thermal properties in the field (Gehlin 2002),
but its performance requires specialized equipment and
evaluations. Therefore, this method can be expensive and
time-consuming. To evaluate the thermal properties of
sediments more quickly and easily, thermal conductivity
estimation models (TCEM), based on the physical param-
eters, are often used (Somerton 1992; Dong et al. 2015;
Ren et al. 2019).

Various TCEM have been presented and discussed pre-
viously (Fuchs and Forster 2010; Fuchs et al. 2013; Dong
et al. 2015; Barry-Macaulay et al. 2015; Zhang and Wang
2017; Kdémmlein and Stollhofen 2019; Hajto et al. 2020;
Yan et al. 2021). Dong et al. (2015) classified them into
three main groups: mixing, empirical, and mathematical
models. Mixing models define 4, as a function of matrix
thermal conductivity (4,,), fluid thermal conductivity (4;),
and the porosity (n), representing a multiphase system.
The phase distribution could be arranged parallel or per-
pendicular to the direction of the heat flow, or the inter-
mediate value is used. Depending on that, the models are
further divided into geometric, arithmetic, and harmonic
mean models (Fuchs et al. 2013; Kdmmlein and Stollhofen
2019). Empirical models define 4, as a function of meas-
ured physical parameters of sediment, e.g., water content,
bulk density, porosity (Kersten 1949; Johansen 1975; Cote
and Konrad 2005; Lu et al. 2007; Zhang and Wang 2017).
On the other hand, mathematical models are based on heat
transfer theory in simplified geometry of the two-phase
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system (Somerton 1992). They approximate 4, based on a
mathematical algorithm that gives thermal conductivity of
each system component and their volume fractions.

In this paper, a relation of laboratory-measured 4, with
density, porosity and water content was analysed, to evalu-
ate the relationship between different physical properties
of sediments and their thermal conductivity. Secondly, the
universally applicable TCEM for cohesive and non-cohesive
sediment samples with different water contents was trying to
be determined among geometric, arithmetic and harmonic
mean model and Kersten, Johansen and Co6té&Konrad
model. For evaluation of TCEMs modelled and measured
A, were analysed with the coefficient of determination and
the root mean square error.

Methods
Samples preparation

The sediments were collected from the sedimentary basin
of the Polish lowlands. They represent the 30 samples of
unconsolidated sediments, taken at a depth of 0.9-4.2 m.
They were separated based on their shear strength into cohe-
sive (silt, clay, glacial till) and non-cohesive groups (gravel,
sand), according to EN 1997-2:2007 (2007) (Tables 3, 4).
Eighteen cohesive samples were collected near the Baltic
Sea in the engineering-geological unit of Pomorian phase
of North Polish Glaciation (sampling location A on Fig. 1).
Six non-cohesive and six cohesive samples were collected
near Warsaw in the engineering-geological unit of Wartanian
phase of North Polish Glaciation (sampling location B on
Fig. 1).

Samples were prepared in a 10 cm high cylinder or mould
with a diameter of 7 cm. The 6 non-cohesive sediments were
prepared in three water content conditions, as saturated, par-
tially saturated and dried to a constant mass, while the 24
cohesive sediments were saturated or dried to a constant
mass. The latter is defined as the point at which there is
less than 0.1% further change in mass of the dry sediment
sample in at least one hour (ISO 17892-1:2014 2014). To
ensure a dry condition, samples were dried on 105 °C for
72 h for cohesive and 12 h for non-cohesive samples. Tap
water was used for their saturation. Measurements were car-
ried out under ambient room temperature and performed
three times on the same sample to provide a representative
result. Bulk density measurements on 3 non-cohesive sedi-
ment samples were measured under three different compac-
tion levels, named loose (I, < 0.33), medium compacted
(0.33 <1, £0.67) and fully compacted (I, > 0.67). This
was performed using the tapping fork test method, which is
based on the principle of putting vibrations into the sediment
sample (Lukawska et al. 2020). For 6 cohesive sediments,
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Fig. 1 Locations of analysed
unconsolidated samples accord-
ing to the engineering-geo-
logical subdivision of Poland
(Kaczyriski 2017)
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samples were prepared so that small lumps of sediment were
placed into a mould and manually recompacted. 19 samples
from this group were measured as undisturbed sediment
structure. A more detailed description of the used tools,
measurement procedure and standards have been described
in Lukawska et al. (2020).

Laboratory measurements

The bulk thermal conductivity of sediment samples was
measured using the handheld KD-2 device (Fig. 2) (Decagon

Devices Inc. 2016). A TR-1 single needle probe was used,
which measures the 4, with an accuracy of + 10%. The single
needle algorithm is based on the line heat source analysis
of Carslaw and Jaeger (1959) and Kluitenberg et al. (1993).
Bulk thermal conductivity is derived from:

q

Ay = ———
b 4 X 7 Xmy M

Measurements of the early-time stage (1/3) were omit-
ted, due to possible errors caused by contact resistance

Fig.2 Equipment used in the laboratory for measuring the thermal conductivity of a non-cohesive samples and b cohesive samples
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(Carslaw and Jaeger 1959). The bulk density and poros-
ity of each sediment sample were determined for further
analysis. The bulk density was calculated with the linear
measurement method described in standard ISO 17892-
2:2014 (2014) and defined as:

mg
Vt

otal

Py = 2)
Porosity was determined from the bulk density (Carter
and Gregorich 2007) as:
Py

=1-2
8 2, 3)

Water content was determined as:

my —m,

iy @

Thermal conductivity estimation models (TCEM)

Six TCEM were evaluated, three mixing and three empiri-
cal models. The mixing models (geometric, arithmetic, har-
monic mean) were chosen because they are based on the
conceptualized multiphase sediment system that includes
only the sediment matrix, pore fluid, and porosity for 4,
determination (Lichtenecker 1924; Voigt 1928). Therefore,
they are easy to apply and are often used for a first approxi-
mation of 4,. They have been successfully used for estimat-
ing the 4, of rocks (Fuchs et al. 2013; Tatar et al. 2021), so
in this study, they were applied to sediments as well. Used
empirical models (Kersten, Johansen, Coté&Konrad) were
chosen because they are based on mathematical equations
with logarithmic and potential functions established on simi-
lar sediment types that were studied. The parameters of the
model can be modified to better fit the model to the experi-
mental data. The Kersten model (1949) was developed for
similar sediment types that were analysed and are based on
water content and bulk density. The Johansen model (1975)
was used because 4,, is determined from quartz content and
also because the equations use a normalized thermal con-
ductivity, called a Kersten number, which reflects the effects
of sediment type, porosity, and mineralogy in relation to
water content. As an extension of the Johansen model, Cote
and Konrad (2005) proposed new equations with empiri-
cal parameters defining sediment type, grain size and shape
distribution.

Modelled results were evaluated using the coefficient
of determination (R?), which is a relative measure of the
fit between the measured and predicted values and the root
mean square error (RMSE), which is the square root of the
residual variance and indicates the absolute fit of the model
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to the data. It is expressed in the same units as the observed
variable, with lower values indicating better model fit.

Mixing models

The geometric mean model (Woodside and Messmer 1961)
provides a mathematical expression for calculating the 4,
of sediments using standard values of /1f, like air [0.025 W/
(m x K)] or water [0.6 W/(m x K)], defined as:

Ay = A A (5)

The arithmetic mean model (Voigt 1928) represents the
heat flow that passes parallel to the geological boundaries.
Blocks have the same temperature gradient but different heat
flows. The 4, of each block can be defined as:

Ay = =n)A, +nX A (6)

The harmonic mean model (Voigt 1928) represents the
heat flow perpendicular to the geological boundaries. Blocks
have a different temperature gradient but a constant heat
flow. The A, of blocks can be defined as:

1

m

First 4,, for mixing models was calculated from the
measured dry and saturated 4, values of the corresponding
sample, using Eqs. (5-7). Later the calculated 4,, of the dry
sample from the previous step was used for the calculation
of 4, of saturated sample and similarly the calculated 4,, of
the saturated sample was used for the calculation of 4, of
dry sample.

Empirical models

Kersten (1949) analysed thermal conductivities of various
sands, silts and clays measured with the single needle probe
method, considering the effects of temperature, density,
water content, sediment texture and mineralogy on the 4,,.
Depending on water content and bulk density, the equations
were defined for unfrozen silt or clay sediments as:

A, = [0.130l0gw — 0.0288] x 10%000624% ®)
and for unfrozen sandy sediments as:
4, = [0.10110gw + 0.0577] x 10°-0006247 ©)

Johansen (1975) proposed to calculate 4,, based on the 4, of
quartz (/14) and other sediment minerals (4,) in proportion to
the quartz content (g) as a fraction of the total solids. Since this
analysis did not include measurements of these properties, the
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Table 1 Recommended values for quartz content based on grain size
distribution (Johansen 1975)

Fraction (mm) Average g (%)
d < 0.002 0
0.002 < d < 0.02 15
d>0.02 45

Table 2 Recommended values for the parameter «, y and 5 (Cote and
Konrad 2005)

Parameter Gravel Medium  Silty/ Crushed  Natural
and and fine  clayey rocks and mineral
coarse sands sediments gravels sediments
sands

K 4.60 3.55 1.90 / /

X / / / 1.70 0.75

n / / / 1.80 1.20

estimation of g based on grain size distribution were performed
as proposed by Johansen (1975) (Table 1). It was defined as:

A = Ay X A (10)

For non-cohesive sediments, g of 0.45 and 4, of 3.5
W /(m x K) were used. For cohesive sediments, g of 0.15 and
A,0f 23 W /(m x K) for silty sediments or g of 0 and 4, of 2.0
W /(m x K) for clayey sediments were used. Based on the fit
of the experimental data, Johansen (1975) defined empirical
equations for the so-called Kersten number A, reflecting the
influence of soil type, porosity, water content and mineral-
ogy. With the adjustment of the experimental data, the A for
non-cohesive (Eq. 11) and cohesive sediments (Eq. 12) was
defined as:

Ax = 0.7log(S,) +1 (11)
Ax =log(S,) +1 (12)
The A, was then defined as:
1, 0.137p,+64.7 0.137p, + 64.7
Ay = AA— x+
f7m 2650 — 0.947p, 2650 — 0.947p,

13)

Following the Johansen method (1975), Cote and Konrad
(2005) proposed new parameters x, 1| and k depending on soil
type and grain shape effect (Table 2). They rewrote Eq. 13 as:

+ 107" (14)

kS
A =</1"/11-"— 10—'7") 0
b=\ T4 [1+(;<—1)S,

Results
Laboratory measured properties

Laboratory measurements are shown in Table 3 for non-
cohesive samples and in Table 4 for cohesive samples.
Beside 4,, values sediment type, water content, compaction,
bulk density and porosity are presented. The values repre-
sent the average of three measurements taken on the same
sample, all the measured values, that were used for model
estimations, are in Supplementary material.

Influence of water content, porosity and bulk
density on measured 1,

Evaluation of the relationship between water content and
measured 4, (Fig. 3) for non-cohesive and cohesive sedi-
ments were performed. For non-cohesive sediments, a high
positive correlation between 4, and water content (R*=0.81)
was observed. For cohesive sediments, the evaluation was
separated because there are two characteristic trends. Up to
20% water content, a positive correlation is observed (R*=
0.86). For water content above 20% the correlation reverses
to negative (R? = 0.85).

To analyse the influence of porosity on the measured
Ay, separate analyses of dried and saturated samples were
performed (Fig. 4). In all four groups, a negative correla-
tion between 4, and porosity is present. For non-cohesive
samples R*>=0.42 and for cohesive samples R>=0.88, both
values represent dry conditions. For saturated conditions, the
correlation between the observed variables is R?=0.48 in the
case of non-cohesive samples and for cohesive R>=0.85.

Bulk density measurements were made for each sample
and different compaction levels. On average, these values
do not deviate more than + 300 kg/m? from the average bulk
density. The values of 4, (Fig. 5) for non-cohesive sediments
increase more steeply than for cohesive sediments. The cor-
relation between 4, and density is positive, for non-cohesive
R*=0.58 and cohesive sediments R*=0.82.

Modelled bulk thermal conductivity

In Figs. 6 and 7, the results of TCEM compared to measured
A, are presented. The results for mixing models (geomet-
ric, arithmetic mean) and the empirical models (Kersten,
Johansen, C6té&Konrad) are divided into cohesive and non-
cohesive samples and based on water content. The results of
the harmonic mean model were not presented and discussed
further as they gave unreasonable results, but are presented
in the Supplementary material. Sixty percent of the calcu-

lated 4,, values were negative, which can be attributed to

@ Springer
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Table 3 Results for non-

: . Sample Sediment type Water con- Compaction Bulk Porosity (%) 4, (W/mxK)
cohesive s.edlrnent samples, tent (%) density (g/
measured in the laboratory cm?)
PNS-1A Fine sand D <20 C 1.75 32.7 0.308
PNS-1B PS 3.8 1.81 30.4 1.100
PNS-1C S 21.0 1.97 24.2 2.892
PNS-2A Medium sand D <20 1.71 342 0.363
PNS-2B PS 3.1 1.85 28.8 1.440
PNS-2C S 17.1 2.15 17.3 3.008
PNS-3s5.A D <20 L 1.55 40.4 0.246
PNS-3s.B <20 MC 1.7 34.6 0.281
PNS-3s.C <20 C 1.85 28.8 0.345
PNS-3wn.A PS 162 L 1.79 31.2 2.401
PNS-3wn.B 14.1 MC 1.83 29.6 2.535
PNS-3wn.C 12.7 FC 1.87 28.1 2.634
PNS-3psp.A S 240 L 1.84 29.2 2.825
PNS-3psp.B 20.2 MC 2.05 21.2 2.990
PNS-3psp.C 162 C 2.16 16.9 3.127
PNS-4A Coarse sand D <20 1.82 30.0 0.324
PNS-4B PS 4.5 1.87 28.1 1.881
PNS-4C S 17.6 1.98 23.8 2.728
PNS-5A Sand and gravel mix D <2.0 1.89 27.3 0.474
PNS-5B PS 118 1.97 242 2.821
PNS-5C S 14.1 222 14.6 3.280
PNS-6A Granule gravel D <20 C 1.68 354 0.231
PNS-6B PS 54 1.73 335 1.843
PNS-6C S 16.5 2.12 18.5 2.858

D dry, PS partially saturated, S saturated, L loose, MC medium compacted, C compacted

the equation used to calculate 4,,, which allows the negative
denominator. In our case, negative values occurred for non-
cohesive and cohesive samples when the porosity was higher
than 21% and the bulk density was lower than 1700 kg/m>.

The geometric and arithmetic mean model equations for
Ap, consist of 4,,, 4, and n, where the calculated 4,, should
be independent due to water saturation. For all three mixing
models, Am was calculated from Eqgs. (5-7). In our study for
non-cohesive samples, values of 4,, showed high depend-
ence on water content, which is reflected in high deviations
of modelled 4, (Fig. 6). Values of 4, calculated from dry
samples were always lower than 4,, calculated from satu-
rated samples. For cohesive samples, the results were the
same, except for the arithmetic mean model in some cases.
Nevertheless, the model fit obtained with the RMSE was
better with the geometric mean model than with the arith-
metic mean model. The R? shows slightly better fit for the
arithmetic mean model.

The empirical models provided a better fit than mix-
ing models. Modelling of 4, with the Kersten model
(Fig. 7) was based on water content and bulk density. The
results show high RMSE for non-cohesive and cohesive
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sediments [RMSE = 0.726 — 0.966 W /(m X K)] (Table 5),
except for partially saturated non-cohesive samples,
where the model fit reaches RMSE = 0.208 W/(m X K).
The Johnson and Coté&Konrad models require val-
ues of 4, calculated with Egs. 10. For both models, a
A, of 4991 W/(m X K) was calculated for non-cohesive
sediments. Two values were used for cohesive sediments,
2.757 W /(m x K) for silts and 2.000 W /(m x K) for clays.
Modelling A, with the Johansen model shows slightly bet-
ter fit of the RMSE [RMSE = 0.374 — 0.820 W /(m X K)],
and is especially low for dry non-cohesive samples
[RMSE = 0.207 W/(m x K)] (Table 5), which could be
related to the Kersten number used, reflecting the soil
type and mineralogy. The Coté&Konrad model shows the
lowest RMSE values among the models considered and
therefore provides the best fit to the experimental data
[RMSE = 0.111 — 0.347 W/(m X K)]. The exceptions are
dry non-cohesive samples, which showed the highest devi-
ation among the empirical models RMSE = 0.9 W/(m X K)
(Fig. 7). R? for all empirical models varies between 0.34
and 0.90, with values higher than 0.6 already predict-
ing good estimation values. The ranges of R? are also in
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Table 4 Results for cohesive

. . Sample  Sediment type Water Compaction Bulk Porosity (%) A, (W/mxK)
sediment samples, measured in content density (g/
the laboratory (%) cm?)
PS-1A Silt D <20 R 1.79 31.3 0.823
PS-1B S 270 2.11 18.7 2.141
PS-1C S 27.0 USS 2.16 17.1 2.035
PS-2A Sandy loam/glacial till D <20 R 1.93 25.7 1.144
PS-2B S 183 2.15 17.3 2.566
PS-3A D <20 2.01 22.9 1.440
PS-3B S 137 2.18 16.0 2.572
PS-4A D <20 1.97 244 1.273
PS-4B S 1638 2.12 18.6 2.301
PS-5A Glacial till D <20 1.98 23.8 1.119
PS-5B S 164 2.11 18.9 2.094
PS-6A Clay D <20 1.71 342 0.746
PS-6B S 229 2.10 19.2 1.872
PS-6C S 380 1.90 26.9 1.369
PS-6D 51.2 1.72 34.0 1.081
BIIVO4  Clay with gravels 24.1 USS 2.01 22.7 1.770
BIIVO5 20.7 2.01 22.7 1.770
BIIVO6A 25.8 2.00 23.1 1.750
BIIV10 31.0 1.92 26.2 1.630
BIIV11 38.0 1.86 28.5 1.370
BIIV12  Till with gravels 16.6 2.15 17.3 2410
BIIV13  Clay with gravels 25.6 1.99 235 1.670
BIIV14 28.6 2.00 23.1 1.620
BIIVI5A Clay 27.5 2.04 21.5 1.710
BIIV19  Loam with gravels 14.4 2.15 17.3 2.420
BIIV20  Silt 14.9 2.10 19.2 2.560
BIIV23  Clay 22.9 2.06 20.8 1.840
BIIV27  Loam with clay and gravels 324 1.48 43.1 1.480
BIIV30  Clay 31.3 1.60 38.5 1.600
BIIV32 51.2 1.08 58.5 1.080
BIIV36  Clay with fine sand 41.0 1.08 58.5 1.080
BIIV37  Silt with fine sand 30.7 1.48 43.1 1.480
BIIV50  Clay 40.5 1.28 50.8 1.280

D dry, S saturated, USS undisturbed sediment structure, R recompacted

agreement with the lowest RMSE values of the empirical
models.

The evaluation of modelled results is presented in
Table 5. The lowest RMSE are marked in bold, represent-
ing the best fit between modelled and measured 4,. The
results are separated by water content.

Modifying empirical parameters
Empirical models are developed on sediment samples,

where obtained mathematical equations include their
properties, e.g., mineralogy. Despite being of the same

sediment type, they may not be appropriate for the sam-
ples that were not included in the model layout. There-
fore, modifications are often made to the empirical param-
eters (Barry-Macaulay et al. 2015). In this study, manual
fitting of the empirical parameters in the Kersten and
Coté&Konrad model was made (Eqgs. 8, 9 and 14) (Fig. 8),
to improve RMSE between modelled and measured 4,,. The
Kersten model for non-cohesive sediments was defined as:

5)

For cohesive sediments, the equations were separated
for dry and saturated conditions, which resulted in a better

A, =[0.101 log w + 0.0277] X 1(0-000624p,

@ Springer
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Fig.3 Relation between water
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agreement for some sediment sample conditions. For dry Discussion

conditions, the equation parameters were modified as:

4, = [0.25 log w — 0.0088] x 1000006242, (16)
And for saturated conditions as:
Ay = [0.11og w — 0.0088] x 10%0006247 (17)

For the Coté&Konrad model, modification of the param-
eter k describing the sediment type was made (Table 6).
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Using the laboratory measurements (Tables 3, 4), the influ-
ence of water content, porosity and bulk density on 4,
of selected samples was evaluated. A high positive cor-
relation was observed between water content and 4, for
non-cohesive sediments (R?> = 0.8) (Fig. 3). For cohesive
sediments, a positive correlation is observed up to 20%
water content (R? = 0.86) and a negative correlation after
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Fig.6 Evaluation of measured 4, and modelled 4, obtained with the geometric and arithmetic mean model

additional saturation (R?> = 0.84). This is probably caused
due to the loos of mineral particle connectivity with an
increase of water content in the sample, as also observed in
Dong et al. (2015) and Lukawska et al. (2020). The varia-
tion of thermal conductivity with increasing water content
also agrees with the consistency indices /, that can be used
to define cohesive sediments—very stiff, stiff, firm, soft,
very soft (EN 1997-2:2007 2007). Therefore, the results
fit into the proposed nomograms for thermal conductivity
coefficient estimation, proposed by Lukawska et al. (2020).
The relationship between porosity and laboratory-meas-
ured A, divided into dry and saturated (Fig. 4), showed a

negative correlation between 4, and n (R> = 0.42 — 0.88),
which is consistent with the physical principles and find-
ings of Albert et al. (2017a) and Kdmmlein and Stollhofen
(2019). The lower R? for non-cohesive sediments could
be caused due to the wider range of grain fractions in the
non-cohesive group (from fine, medium, coarse sand to
gravel), which increases the possibility of variations in the
measurements. It confirms that multiphase mixing models
based mainly on n are not accurate enough in contrast to
empirical models for non-cohesive sediments. On the other
hand, the correlation between bulk density and 4, is posi-
tive (R? = 0.53 — 0.82) (Fig. 5), which is consistent with

@ Springer
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Fig.7 Evaluation of measured and modelled 4,, obtained with the Kersten, Johansen and Coté&Konrad model
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Table 5 Evaluation between

Estimation model Non-cohesive sediments Cohesive sediments

TCEM and measured 4,,

divided into non-cohesive and D PS S D PS S D S D S

cohesive groups. The lowest ) )

RMSE are marked in bold, R RMSE R RMSE

representing the best fit between .

modelled and measured 4, Geometric mean 055 / 043 1261 / 2.064 0.56 074 0.264 0.322
Arithmetic mean 0.59 / 0.57 2527 / 2456 058 071 0.966 1.004
Kersten model 0.64 088 065 0776 0.208 0.726 0.89 034 0.957 0.898
Johansen model 0.67 090 0.60 0.207 0374 0.820 090 057 0.652 0.498

Coté&Konrad model 0.65 0.88 0.60 0.900 0.314 0.274 0.85 0.76 0.111 0.347

D dry, PS partially saturated, S saturated
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Fig.8 Evaluation of measured and modelled 4,, obtained with the modified parameters of Kersten and Coté&Konrad model
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Table 6 Modified values of parameter «, used in Coté&Konrad model

Parameter Gravel and coarse Medium and fine  Silty/clayey
sands sands sediments
K 11.6 10.5 35

the fact that a larger number of contact points between
minerals increases the thermal conductivity of sedi-
ments, as discussed by Abu-Hamdeh and Reeder (2000)
and Barry-Macaulay et al. (2013). Higher variability is
observed between 1700 and 1900 kg/m? for the non-cohe-
sive samples, which is related to different grain sizes and
consequently a highly variable porosity of these sediments.
It is assumed that this is the reason why the correlation
between 4, and density is lower for non-cohesive sedi-
ments, than for cohesive ones.

Estimation of 4, of cohesive and non-cohesive sedi-
ments was performed using mixing and empirical models
to obtain the best agreement with laboratory-measured 4,,.
The results were statistically analysed using the R? and
RMSE (Tables 5, 7), focusing on the latter as it indicates
absolute deviation between measured and modelled 4.
Samples prepared in the laboratory were manually com-
pacted at three compaction levels.

The selected mixing models were chosen because they
are based on the conceptualized multiphase sediment sys-
tems (4,, 4,,, n). Their results showed that the modelled
A,, are always higher than the measured 4, which is con-
sistent with the fact that the 4,, increases with decreasing
porosity, as previously discussed by Fuchs and Forster
(2010) and Albert et al. (2017a). The latter authors make
such conclusions for sedimentary rocks (e.g., sandstones),
but results of this study confirm this fact also for uncon-
solidated sediments (cohesive, non-cohesive). For mixing
models, high variability of the modelled dry and saturated
A, occurred for the same sample (Horai and Baldridge
1972; Kdmmlein and Stollhofen 2019), resulting in a high
deviation of the obtained A, values. Theoretically, mod-
elled 4,, should remain the same, but studies such as that of
Albert et al. (2017a, b, c), showed that changing water con-
tent could affect modelled 4,,, and hence the hygroscopic
properties of minerals composing sedimentary rocks. The

minerals composing our sediment samples seem to be even
more sensitive to water content, as the deviations between
dry and saturated A,, are high. This is probably related to
the degree of compaction of our sediment samples com-
pared to the rock samples. The water content in the rock
samples does not have such a high influence (Albert et al.,
2017a, b, c¢). Nevertheless, we have no information about
the mineral structure and composition of our samples, so
we cannot make any further assumptions.

However, the effect of water content on the thermal prop-
erties of minerals has not yet been analysed. In some cases,
researchers also recommended the use of average 4,, from
dry and saturated samples (Fuchs et al. 2013). In this analy-
sis, even averaging of the 4,, lead to a high deviation of the
modelled 4,. There is also an assumption that, despite water
content, the large deviation is caused due to the influence of
sediment properties that are not included in the equations
of the mixing models (grain geometry, grain connectivity).
Nevertheless, the geometric mean model showed a better fit
of A4, compared to the arithmetic mean model for all groups
of sediments (Table 5, Fig. 6). But still, TCEM values of
non-cohesive sediments are overestimated for the dry con-
dition and underestimated for the saturated condition. For
cohesive sediments, the TCEM values are slightly overesti-
mated (Fig. 6). The harmonic mean model was not included
in the discussion because it showed unreasonable values.
This was also previously observed in Fuchs et al. (2013) for
sedimentary rocks.

The empirical models were chosen because they are based
on mathematical equations that represent similar sediment
types that were studied, while allowing parameters to be
changed to better fit experimental data. The A,, used was esti-
mated from the quartz content for all sediments to provide
a constant value regardless of water content. The Kersten
empirical equations were developed on 19 samples, hav-
ing the best fit for non-cohesive sediments (Egs. 9) at water
content of 1% or more, and for cohesive sediments (Egs. 8)
at water content of 7% or more. Considering this criterion
in the analysis, only dry cohesive samples could have higher
deviations (Table 5) but were observed in all sediment sam-
ple conditions. Only the RMSE of partially saturated non-
cohesive sediments show the best fit between all models with
RMSE = 0.208 W /(m x K). The best fit for dry non-cohesive

Table 7 Evaluation of Kersten
and Coté&Konrad model based

Estimation model

Non-cohesive sediments

Cohesive sediments

on parameter modification. The D PS S D PS S D S D S
lowest RMSE are marked in ) 5
bold, representing the best R RMSE R RMSE
fit bet delled and
e odeTea Kersten model 0.64 090 065 0402 0484 0264 089 039 0128 0576
b
Coté&Konrad model 0.66 089 0.61 0.784 0.253 0314 085 0.75 0.141 0.293

D dry, PS partially saturated, S saturated
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samples (Fig. 7) was obtained with the Johansen model,
with RMSE = 0.207 W/(m X K) and for saturated with
Coté&Konrad model and RMSE =0.274W/(m X K).
The Johansen model uses porosity, bulk density and Ker-
sten number in addition to the matrix and fluid thermal
conductivity. The Kersten model, on the other hand, con-
siders only the water content, bulk density, and predeter-
mined empirical numbers. For dry cohesive samples, the
best fit was obtained with the C6té&Konrad model with an
RMSE = 0.111 W/(m x K) and for the saturated conditions
with an RMSE = 0.347 W/(m X K). The fit of measured
and modelled 4, was improved by modifying the empiri-
cal parameters (Fig. 8) in the Kersten and Coté&Konrad
equations (Tables 6, 7). The modification of the parame-
ters improved the deviations of the Kersten model for dry
and saturated cohesive and non-cohesive samples. For the
Coté&Konrad model, the modification had a positive effect
only for dry and partially saturated non-cohesive samples,
while dry non-cohesive samples still showed a high devia-
tion from the measured values.

The evaluation has shown that no universally applicable
TCEM can be recommended. Different TCEM needs to be
used depending on the sediment type and water content. The
better fit of the empirical models with the mixing models is
related to the experimentally defined equations established
on samples with similar geological properties.

Conclusions

This study describes the analytical determination of ther-
mal conductivities for cohesive and non-cohesive sediment
samples used in engineering geology and solid earth stud-
ies. In the future, such an approach could contribute to the
faster creation of a database that determines 4, based on
known physical parameters of an area. Laboratory measure-
ments obtained with the specific methodology of prepar-
ing samples were used to predict 4, with three mixing and
three empirical models: the geometric, arithmetic, and har-
monic mean models, as well as the Johansen, Kersten, and
Coté&Konrad models. First, the correlation between meas-
ured thermal conductivities and water content, porosity and
density was evaluated. Secondly, the correlation between
measured A, and the selected TCEM was analysed. The main
findings from this study are:

1. The correlation of measured 4, with density, porosity
and water content showed a high R? for cohesive sam-
ples (R? ~ 0.8) and a slightly lower R? for non-cohesive
samples (R?> ~ 0.4). The lower correlation is influenced
by different grain sizes causing higher data variation.

2. The mixing models are not suitable to predict the 4,
of studied cohesive and non-cohesive sediments. The
main reason is that the modelled 4,, obtained under dry
and saturated conditions for the same sample, were not
the same, resulting in a high deviation of the modelled
A, compared to the measured A,,. It is assumed that the
reason for this could be the changing thermal properties
of the minerals, which are affected by the varying water
content.

3. The empirical models gave better agreement as they rep-
resent mathematical functions developed on an experi-
mental set of similar sediment types where the influence
of the changing properties is taken into account. Addi-
tional modifications to the parameters for the Kersten
model improved the prediction for dry and saturated
non-cohesive and dry cohesive sediments. Also in the
Coté&Konrad model, the parameter describing the sedi-
ment type was modified, which showed an improvement
of the fit for dry and partially saturated non-cohesive
sediments.

4. It was not possible to determine a universally applica-
ble model, as the best fit varies according to sediment
type and water content. For dry non-cohesive sedi-
ments, the best fit was obtained with the Johansen model
(RMSE = 0.207 W/(m X K)), for partially saturated
with the Kersten model (RMSE = 0.208 W/(m X K)),
and for saturated the best fit was obtained with the
modified Kersten model (RMSE = 0.264 W /(m X K)).
For cohesive sediments, the best fit was obtained
with the C6té&Konrad model for all water conditions
(RMSE = 0.141and 0.293 W /(m X K)).
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