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Abstract
Obtaining in situ thermal properties of soils is often difficult and time-consuming. Here, cone penetration test (CPT)

correlations are proposed and validated for thermal properties of saturated ground, i.e. thermal conductivity and volumetric

heat capacity, giving continuous profiles of the parameters, in a substantially reduced time. The proposed correlations

utilise the characteristics of existing CPT correlations. The volumetric heat capacity correlations show good agreement

with laboratory hot disc tests, and the thermal conductivity correlations proved successful for a range of soil types,

including organic soils, clays and sands, although with a reasonable scatter. Empirical adjustment was required for the

thermal conductivity of soils showing high (normalised) cone resistance. Utilising thermal CPT (T-CPT)-derived thermal

conductivity point values in conjunction with the thermal conductivity correlations offers accurate and continuous site-

specific profiles.

Keywords Correlations � CPT � Heat capacity � Thermal conductivity

List of symbols
a Fitting coefficient in Eq. (14)

A CPT coefficient defined in Eq. (7d)

cp Specific heat capacity

C Volumetric heat capacity

Cx Volumetric heat capacity of soil component x

fsolid Fraction by volume of the solid component

(solid can be sand, clay and organic material)

Fr Normalised friction ratio

i Counter for the solid components

Ic Soil behaviour-type index

k Thermal conductivity

kx Thermal conductivity of x

ksoil_orig Thermal conductivity from original relationship

m Stress exponent

n Porosity

qn Net cone resistance

qt Corrected cone resistance

Pa Atmospheric pressure

Qtn Normalised cone resistance

Qtn_lim Limit of Qtn where CPT correlations over-

predict thermal conductivity

ref Subscript relating to a reference point

R2 Coefficient of determination

RMSE Root mean square error

S Degree of saturation

Vs Volume of solids

Vw Volume of water

Vv Volume of voids

b Fitting coefficient in Eq. (4)

c Bulk unit weight

cw Unit weight of water

cs Unit weight of solid material

q Density

qb Bulk density

qd Dry density

rvo In situ vertical total stress at cone base

r0vo In situ vertical effective stress at cone base

1 Introduction

The thermal properties of the ground are important for

accurate design of shallow and deep geothermal systems,

electricity cables, pipelines and other systems which
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involve heat transfer (e.g. [4, 21, 22, 26]). For many energy

geostructures, e.g. energy piles and energy walls, or other

heat emitting buried infrastructure, e.g. cables and pipeli-

nes, the depths between ground surface and several tens of

metres are most interesting (e.g. [4, 7, 11, 22, 26]).

While this has been of interest for many years (e.g.

[8, 18]), there are still relatively few options of measuring

or predicting thermal properties in situ. A number of lab-

oratory test types exist (e.g. needle probe, double-needle

probe or plane source), but as has been shown in Low et al.

[22] and Vardon et al. [32], laboratory samples tend to

exhibit different values than in situ tests, probably due to

changes in density and saturation which occur as a result of

sampling, sample handling and specimen preparation.

The commonly available in situ tests are the thermal

response test (TRT), borehole geophysical logging meth-

ods, observation of in situ temperatures and various types

of needle probes. The TRT involves heating a ground heat

exchanger for a set period of time and monitoring the

temperature evolution with time. Generally, this involves

days-long tests and relatively expensive installation [22].

TRTs typically give a single value for the borehole in

which they are installed; however, using distributed sens-

ing, e.g. fibre optics, distributed values of thermal con-

ductivity can be estimated (e.g. [33]). Borehole

geophysical logging methods require an open borehole and

are not proven at depths of less than * 200 m below

ground surface [25]. Generally, in situ temperature meth-

ods have been shown to work only at several tens of metres

below ground surface and only where investigation of heat

flux from deep boreholes is available [25]. However, some

methods have been developed using close to surface

environmental signals. These methods require long-term

measurements of temperature at different levels within the

soil where the thermal conductivity is required (e.g. [9]).

In situ needle probes of any significant depth require

intrusive methods such as self-weight penetration, con-

trolled push, vibratory driving or tight-fit predrilling. In situ

test times are typically in the order of 20 min for a single

data point and a needle with a diameter in the order of

10 mm (e.g. [12]). In the majority of the tests above, the

heat capacity of the soil is not obtained.

Following from the suggestion and initial methodology

to derive in situ thermal properties from a thermal dissi-

pation test using a cone penetration test (CPT), the thermal

cone penetration test (T-CPT) [2], a robust and physically

accurate method was derived and validated for thermal

conductivity by Vardon et al. [32]. This method gives

point-wise values that can be taken at a number of depths,

to give a pseudo-continuous profile. The time required for

each point is around 400 s. However, as the temperature

increase in the test is derived from friction between the tool

and the soil, the spatial resolution is limited, i.e. sufficient

space between readings is required to allow heat generation

in the penetrometer. The temperature data required to

determine the volumetric heat capacity data were shown by

Vardon et al. [32] to be in the first few seconds of the test

and therefore would implicitly have a lower quality.

This paper proposes and tests two CPT correlations for

thermal conductivity, k, and volumetric heat capacity, C,

for saturated soils. These are based on previously devel-

oped correlations for soil density by Robertson and Cabal

[29] and Lengkeek et al. [20]. The new correlations for

thermal conductivity are therefore named k-CPTR and

k-CPTL, based on the Robertson and Cabal [29] and

Lengkeek et al. [20] density correlations, respectively, and

the two correlations for volumetric heat capacity of soil are

named C-CPTR and C-CPTL. The correlations link the data

typically collected via CPTs (cone resistance, sleeve fric-

tion and pore pressure) to other properties. These give

continuous profiles, and the input data are also typically

taken as part of site investigation for many geotechnical

projects. The speed of recording is fast (20 mm/s). Vali-

dation via both field and laboratory tests is presented, and

an empirical adjustment is needed for the thermal con-

ductivity correlations where high cone resistance is

encountered.

The CPT correlations have been applied as part of

substantial site investigations in the North Sea enabling the

development of offshore wind farms (e.g. [24]).

2 Heat capacity and thermal conductivity
of soils

Soils and geomaterials are composed of a mixture of solid

particles of different minerals, water and air. The approx-

imate thermal properties of the various soil components are

shown in Table 1, at atmospheric pressure and at 20 �C. It

can be observed that the salinity of water (35 g/l is

approximately seawater) makes no significant difference to

any of the properties, although higher concentrations do

[1]. Within the temperatures considered in CPTs, i.e.

between * 10 and * 30 �C, these are considered to be

constant.

The volumetric heat capacity is a volumetric property,

which means that it is reasonable to use a weighted arith-

metic mean for the volumetric heat capacity. In contrast,

the thermal conductivity is a directional material property

which defines the resistance to a flux. As a soil cannot be

conceptualised as a set of thermal resistors in series nor in

parallel, which would require a weighted arithmetic or

weighted harmonic mean, respectively, it is reasonable to

use a geometric mean for the thermal conductivity [8]

which provides an intermediate result. It is noted that there
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have been many models for the thermal conductivity pro-

posed (see [10, 17] for a comprehensive overview).

Following an arithmetic mean for the volumetric heat

capacity and a geometric mean for the thermal conductivity

gives the following relations [8]:

Csoil ¼ 1 � nð Þ
X

i

fsolid;iCsolid;i þ nSCwater þ n 1 � Sð ÞCair

ð1Þ

ksoil ¼
Y

i

k
1�nð Þfsolid;i

solid;i

 !
knSwaterk

n 1�Sð Þ
air

� �
ð2Þ

where n is the porosity of the soil, i is a counter for the

solid components, fsolid is the fraction by volume of the

solid component and S = Vw/Vv is the degree of saturation

(ratio of volume of water to volume of voids in the soil).

The subscript solid refers to different solid soil compo-

nents, i.e. quartz, clay minerals, silt or organic matter. In

Eq. (1) the contribution of the air term is small and can be

reasonably neglected; in Eq. (2) the air term is almost 1 at

high degrees of saturation and can be neglected. For the

rest of this paper, the degree of saturation is considered to

be equal to 1, i.e. a saturated soil, and the correlations

developed are considered only for these conditions. In

principle, ice could be added into Eqs. (1) and (2) [8],

although in this paper the ice content is not considered

further. While CPTs are used in frozen soils [15, 23], they

are not frequently used to identify ice content. It is noted

that both the heat capacity and the thermal conductivity of

ice are significantly different to that of water.

Figure 1 presents both the thermal conductivity and

volumetric heat capacity for saturated sand and clay mix-

tures with a wide range in density (range of porosity is

0.1–0.9, corresponding to a range in dry density from 2390

to 266 kg/m3), using the component values from Table 1

and Eqs. (1) and (2). It is seen that the variation with clay/

sand fraction is very small for the volumetric heat capacity,

but large for the thermal conductivity. An experimental

campaign [32] measuring the thermal conductivity has

been compared to the calculated values. The measurements

were derived from a number of different methods, with the

density calculated directly in the laboratory and via a

correlation to the T-CPT measurements (correlation

reported in the next section [29]). It is seen in Fig. 1b that

the calculated values coincide well with the range of pre-

dicted values, observed by the experimental data overlap-

ping the calculated thermal conductivities for the typical

range of observed porosities/dry densities.

3 Existing CPT correlations for density

CPT correlations are able to determine soil behaviour type

and density with a reasonable accuracy (e.g. [20, 29], who

report coefficient of determination (R2) values of up to 0.88

for density). The variation in the volumetric heat capacity

of different soil minerals is significantly lower than the

thermal conductivity (Table 1). This implies that the vol-

umetric heat capacity would be better suited to back-cal-

culation via CPT correlations for density than the thermal

conductivity, as the identification of different soil minerals

is not needed. However, as CPT correlations are able to

distinguish between different types of soil, albeit the

behaviour type not composition directly, a good estimate

can be proposed.

A well-known correlation for soil density (presented in

terms of a unit weight ratio) by Robertson and Cabal [29]

is:

c
cw

¼ 0:27 log Fr þ 0:36 log Qtn þ 1:236 ð3Þ

where c is the bulk unit weight, cw is the unit weight of

water, Qtn is the normalised cone resistance and Fr is the

normalised friction ratio. Qtn ¼ qt � rvoð Þ=Pa½ � Pa=r0vo

� �m
,

where qt is the corrected cone resistance, rvo is the in situ

Table 1 Thermal properties of soil components at 20 �C and atmospheric pressure (after [5, 8, 13, 31])

Soil component Thermal conductivity [k (W/

m K)]

Specific heat capacity [cp (J/

kg K)]

Density [q (kg/

m3)]

Volumetric heat capacity [C = cpq
(MJ/m3 K)]

Water (pure) 0.6 4148 997 4.140

Water (saline—

35 g/l)

0.6 3986 1024 4.082

Air 0.026 995 12 0.012

Clay mineral 2.9 800 2650 2.120

Sand (quartz) 8.4 730 2660 1.940

Silt 2.9 800 2650 2.120

Peat (organic

matter)

0.25 1920 1300 2.500
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vertical total stress at the cone base (base of conical part of

the cone penetrometer), r0vo is the in situ vertical effective

stress at the cone base, Pa is the atmospheric pressure and

m is a stress exponent related to the soil type. Fr ¼
100 � ft=qn (%) where ft is the corrected sleeve friction and

qn is the net cone resistance (qt � rvo).

For soils with organic content, the Lengkeek et al. [20]

correlation for bulk density can be used, rewritten in the

same units as Eq. (3):

c
cw

¼ cref

cw

� b
log

Qtn;ref

Qtn

� �

log
Fr;ref

Fr

� � ð4Þ

where the subscript ref relates to a reference point and b
controls the inclination of equal weight contours. The

default parameter values are cref = 19 kN/m3, Qtn;ref = 50,

Fr;ref = 30 and b = 0.412, which are the parameter values

that best fit the database of soils used by Lengkeek et al.

[20]. In further equations, these parameters are used as

constants in the equations—any site-specific modifications

in these parameters must then be included into the

derivation of the equations in the following section, i.e. the

derivation process must be followed but using the site-

specific parameters. Based on the work of Lengkeek et al.

[20], there are significant improvements in the fit below a

unit weight ratio of 1.5, with more minor improvements

above a unit weight ratio of approximately 1.5 when

compared to the Robertson and Cabal [29] correlation. The

coefficient of determination (R2) value is reported by

Lengkeek et al. [20] to increase from 0.49, when using the

Robertson and Cabal [29] correlation, to 0.88 when using

their proposed correlation, although this is impacted by the

selection of the soil database, as the relationship is

structurally better for less dense soils. The densities cal-

culated using these correlations for a CPT database used

later in this paper are comparable, except where organic

material is present.

4 Proposed CPT correlations for heat
capacity and thermal conductivity

Recognising that the volumetric heat capacity is not sen-

sitive to the mineral type (i.e. either clay or sand, see

Table 1), and inserting values for the specific heat capacity

of the water and soil minerals from Table 1, Eq. (1) can be

rewritten as:

Csoil ¼ 2 1 � nð Þ þ 4:14n ¼ 2 þ 2:14n ð5Þ

By combining Eqs. (3) and (5), using the identity c=cw ¼
nþ cs=cw 1 � nð Þ and cs=cw ¼ 2:65 (see Table 1, where cs

is the unit weight of solid material) leads to a new proposed

correlation for the volumetric heat capacity, named the C-

CPTR correlation, also shown graphically in Fig. 2:

Csoil ¼ �0:350 log Fr � 0:467 logQtn þ 3:834 ð6Þ

Note that the volumetric heat capacity increases as the

density decreases, due to the large specific heat capacity of

water. This trend is opposite for the thermal conductivity.

This relation cannot be used for soils with a substantial

organic matter content, as illustrated by Lengkeek et al.

[20] where the correlation deviates from experimentally

found results for unit weight ratios below 1.5. In Fig. 2, the

relationship is not drawn over soil behaviour types 1, 8 and

9, as these soils are highly affected by their microstructure

and the densities predicted by [29] fall outside typically

observed soils.

(a) (b)

Fig. 1 Calculated a volumetric heat capacities and b thermal conductivities for sand/clay mixtures. Blue dots are from an experimental campaign

[32] (color figure online)
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The same substitutions can be made as in Eqs. (5) and

(6) for either sand/clay or organic material, which have

different values of heat capacity and density (see Table 1).

Equation (7a) is the result for materials with a porosity

n\ 0.7 or c
cw

[ 1:5, with the assumption that there is no

organic matter. Equation (7c) assumes that the material is

only composed of organic matter at n[ 0.83 or c
cw
\1:05.

A linear interpolation between these two solutions is made,

for materials composed of both clay/sand and organic

matter, found in Eq. (7b).

A\0:4; Csoil ¼ 2:963 þ 1:30A ð7aÞ
0:4\A\0:85; Csoil ¼ 2:945 þ 1:34A ð7bÞ
A[ 0:85; Csoil ¼ 3:238 þ A ð7cÞ

where

A ¼ 0:412
log 50

Qtn

� �

log 30
Fr

� � ð7dÞ

where A is the second term in Eq. (4), including the default

parameters, which is used to define the proportion of

organic material in the soil. Note again that if site-specific

modifications have been used in Eq. (4), these must be

included in this derivation.

This relationship, named the C-CPTL correlation, is

presented in Fig. 3.

For the thermal conductivity, again first for non-organic

soils, based on the Robertson and Cabal unit weight

relation, Eq. (2) can be written, with substitutions of values

from Table 1, as:

ksoil ¼ 2:9 1�nð Þð1�fsandÞ8:4 1�nð Þfsand 0:6n ð8Þ

where

n ¼ � 0:164 logFr � 0:218 log Qtn þ 0:857 ð9Þ

The fraction of sand, fsand, can be estimated making use of

the soil behaviour-type index Ic value [16], which is used to

separate soils of a certain behaviour type. This can be

plotted on a normalised soil behaviour-type chart (SBTn).

The Ic values approximate the black lines shown in Figs. 2,

3 and 4 and are the dotted-dash lines in Fig. 4a. The zones

of soil behaviour type are numbered from 2 to 7 from the

bottom right to the top left (Fig. 2). Assuming that the sand

fraction increases from zero in SBTn zone 2 to 1 in SBTn

zone 7, we yield the values in Table 2 and via interpola-

tion, Eq. (10).

fsand ¼ 1:77 � 0:453 Ic; 0\fsand\1 ð10Þ

Equations (8)–(10) form the k-CPTR correlation.

Using again the Lengkeek et al. [20] relation for soils

with organic material, Eq. (2) can be written:

ksoil ¼ 2:9 1�nð ÞðfclayÞ8:4 1�nð Þfsand 0:25 1�nð Þforganic 0:6n ð11Þ

where

forganic ¼
A� 0:4ð Þ

0:45
; 0\forganic\1 ð12aÞ

fclay ¼ 1 � forganic � fsand; 0\fclay\1 ð12bÞ

and the porosity is again defined in three zones, delineated

by A (Eq. 7d) again based on the amount of organic matter,

as:

1
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0.1 1 10

N
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m
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e 
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si
st

an
ce

, Q
tn

Normalised friction ratio, Fr (%)

C 
(MJ/m3K)

2.7

2.8
2.9

3.0

3.1
3.2
3.3
3.4

3.5

1 2

3

4
5

6

7 8
9

Fig. 2 C-CPTR correlation for volumetric heat capacity. Black lines

are the boundaries of different soil behaviour types, as defined by

Robertson [27]. The numbers in the zones represent different soil

behaviour types: 1 sensitive fine grained; 2 organic material; 3 clay to

silty clay; 4 clayey silt to silty clay; 5 silt clay to sandy silt; 6 clean

sand to silty sand; 7 gravelly sand to sand; 8 very stiff sand to clayey

sand; and 9 very stiff fine grained (color figure online)
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Fig. 3 C-CPTL correlation for volumetric heat capacity. Black lines

are the boundaries of different soil behaviour types, as defined by

Robertson [27], see Fig. 2 for more details (color figure online)
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A\0:4; n ¼ 0:45 þ 0:606A ð13aÞ
0:4\A\0:85; n ¼ 0:58 þ 0:3A ð13bÞ
A[ 0:85; n ¼ �2 þ 3:33A ð13cÞ

Equations (11)–(13c) form the k-CPTL correlation.

Figure 4 shows the theoretical part of the k-CPTR cor-

relation and the k-CPTL correlation. An empirical part of

the correlations is given in Sect. 5, for the situation at high

cone resistance where these theoretical relations were

shown not to match experimental results.

CPT correlations are empirical, and where extensive site

investigations show that density is better represented by

local or site-specific correlations, the procedure shown here

can be utilised to achieve local thermal property correla-

tions. If local thermal properties are measured in situ, again

these correlations can be improved.

5 Validation

Both a field campaign and laboratory tests were carried out.

As part of this field campaign, five CPTs were performed

and samples were collected to be tested in the laboratory.

Additionally, records of two CPTs were used from an

existing database (one of which had samples in store which

could be tested). The soil profiles are shown schematically

in Fig. 5. For the five newly collected CPTs, all were sub-

sea and within several hundred metres of each other. Both

of the CPTs obtained from a database were onshore. In all

seven of the CPTs, several T-CPT dissipation tests had
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k
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2.9
2.5

2.1

1.7

1.3

soil

0.7                                        0.9

(a) (b)

Ic = 1.31

Ic = 2.05

Ic = 2.60

Ic = 2.95

Ic = 3.60

Fig. 4 Theoretical part of proposed thermal conductivity correlations a k-CPTR; b k-CPTL. Black lines are the boundaries of different soil

behaviour types, as defined by Robertson [27], see Fig. 2 for more details. The dot-dash lines in (a) represent Ic values approximating the

boundaries between soil behaviour-type zones

Table 2 Parameters for linear relation between sand fraction and Ic

SBTn zone Upper boundary, Ic Lower boundary, Ic Approximate average sand fraction, fsand

2 – 3.6 0

3 3.6 2.95 0.25

4 2.95 2.6 0.5

5 2.6 2.05 0.75

6 2.05 1.31 1.0

Fig. 5 Soil profiles of the CPT database
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been performed, so that thermal conductivity measure-

ments were available.

Two types of laboratory testing were undertaken, the

first using a needle probe (KD2 Pro Decagon with a single-

needle attachment used for the thermal conductivity and a

dual-needle attachment used for the volumetric heat

capacity [6]), and the second using hot disc tests [30]. As

the double-needle probe used was small (30 mm long

needles, 1.3 mm diameter, 6 mm spacing), and mainly

sands were tested, results were considered less reliable than

results for the hot disc tests, due to the lower amount of

particles in contact with the small needles, and therefore

more variability. Needle probe tests were carried out fol-

lowing ASTM D5334-14 [3], and hot disc tests were car-

ried out following ISO 22007-2 [14].

In Fig. 6 the comparison of the CPT correlation and hot

disc tests is made, with the ‘R’ indicating the results for the

C-CPTR correlation and the ‘L’ indicating the C-CPTL. The

CPT record from the same depth as the sample was used;

no local averaging was applied. In Fig. 6a, the raw data

from the hot disc tests are compared, though it is observed

that the densities at which the testing was done were dif-

ferent. This resulted in reasonably high RMSE values and

R2 values of * 0.07 for both correlations. Note that the R2

values severely affected by the limited data range. In

Fig. 6b the volumetric heat capacity from the hot disc tests

is modified via Eq. (5) to correct for different densities

recorded after the laboratory tests and estimated via cor-

relations with CPT data (i.e. Csoil;corr ¼ Csoil;meas þ 2:14Dn,

where Dn is the difference in porosity between the in situ

soil and the tested soil and the subscripts corr and meas

indicate the corrected and measured values, respectively).

The porosity was calculated for the CPT data using the

density correlations presented in Sect. 3 and again using

the identity c=cw ¼ nþ cs=cw 1 � nð Þ and cs=cw ¼ 2:65

(see Table 1). The open symbols are for a clay material,

undertaken to widen the range of material used. The den-

sities at which the hot disc tests were undertaken for the

soils represented by the open symbols were not measured

and were estimated as the average of the other tests (the

others were measured), as the experimental procedure

involved adding a similar mass of material into a mould. It

is seen in Fig. 6b that a good agreement is found

[demonstrated by a low root mean square error (RMSE)]

and a close proximity to the 1:1 line shown in black, with

only little variation. The R2 values for both correlations

increase to * 0.7, indicating a strong correlation. Double-

needle laboratory tests were also carried out, but were

observed to be less reliable than hot disc tests. The double-

needle laboratory tests showed a RMSE of around 0.5

when compared to the CPT correlation.

The thermal conductivity values predicted by CPT

correlation and derived from laboratory test data are

compared in Figs. 7 and 8. In Fig. 7, the laboratory test

data (needle probe) show slightly lower values, with a

reasonable spread. The R2 values are 0.2 and 0.07 for the

k-CPTR and k-CPTL correlations, respectively, with the

limited range of data limiting the values. As noted in

Vardon et al. [32], laboratory testing often resulted in lower

results than in situ testing, probably due to lower densities

or water drainage (air in soil).

One limitation is that the soil tested in Figs. 6 and 7 is

sand, and further validation against a wider range of soils is

needed. In Fig. 6, the results from the two volumetric heat

capacity correlations exhibit only slight differences in the

results, as expected for soils without organic material. This

is also seen in Fig. 7 for the thermal conductivity corre-

lation results.

(a) (b)

Fig. 6 Comparison of volumetric heat capacity derived from C-CPTx correlations (where x refers to either R or L in the legend) and laboratory

hot disc test data a original data and b data corrected for dry density
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In Fig. 8, T-CPT dissipation test data (validated in

Vardon et al. [32]) were used, and this meant significantly

more data points were available, and importantly, in situ

data. A wider range of values were available as the two

CPTs taken from the database had tested different soil

layers. It can be seen that the results are good at all of the

ranges of thermal conductivity, except at the highest ther-

mal conductivities predicted by both the CPT correlations.

It is noted that the results are similar with both the CPT

correlations. The R2 values are 0.63 and 0.74 for the

k-CPTR and k-CPTL correlations, respectively.

Based on an error analysis of thermal conductivity

against Qtn and Fr-, a linear relationship between the log of

Qtn (above Qtn& 170) and the error was found and no

relationship between Fr- and the error was found. This is

consistent with dense soils, where it is hypothesised that

grain breakage and dilation may occur during cone pene-

tration [19] and thin films of water may exist between

grains, affecting the thermal conductivity result.

Figure 9 shows updated plots, with values of thermal

conductivity for soils showing a high Qtn (over 170)

modified via:

ksoil ¼ ksoil orig; if Qtn �Qtn lim

ksoil updated ¼ ksoil orig � a log Qtn=Qtn limð Þ;
if Qtn [Qtn lim

ð14Þ

where ksoil_orig is the ksoil predicted by the original rela-

tionships, either Eq. (8) or (11), Qtn_lim is the limit of Qtn

where the CPT correlations over-predict the thermal con-

ductivity and a is a fitting coefficient, which has been

estimated between 1.5 and 3.0 here (a = 1.7 in Fig. 9). The

value of Qtn_lim is judged to be between 100 and 200, with

the lower value fitting best the CPT data collected as part

of this field campaign and a higher value fitting the sandy

soils parts of the CPTs from the database. The RMSE is

seen to improve from 0.53 and 0.67 to 0.45 and 0.48 for the

k-CPTR and the k-CPTL correlations, respectively. The R2

values improve from 0.63 and 0.74 to 0.66 and 0.76 for the

k-CPTR and k-CPTL correlations, respectively. This is

comparable to the accuracy of the theoretical relationships

[10]. The complete correlation, therefore, contains both the

theoretical part and this high cone resistance adjustment.

Figure 10 shows two selected CPT profiles including the

correlations against the laboratory results. It is noted that

the T-CPT results for the thermal conductivity shown in

Fig. 10a are the same as those presented for Location 4 in

Fig. 13(d) in Vardon et al. [32]. A good match between the

thermal conductivity from the T-CPTs and volumetric heat

(a) (b)

Fig. 8 Comparison of thermal conductivity derived from T-CPT dissipation test data and CPT correlations a theoretical part of k-CPTR

correlation (RMSE = 0.53) and b theoretical part of k-CPTL correlation (RMSE = 0.67)

Fig. 7 Comparison of thermal conductivity derived from the theo-

retical parts of the k-CPTx correlations (where x refers to either R or

L in the legend) and laboratory needle test data
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capacity from the hot disc test and the proposed correla-

tions is seen. There are only limited volumetric heat

capacity data on this figure due to the difficulties in col-

lecting in situ volumetric heat capacity, but this fig-

ure serves to demonstrate the range of values predicted and

the transformation from CPT data to thermal properties.

6 Discussion

The proposed correlations for volumetric heat capacity and

thermal conductivity are based on correlations that provide

important, but not all, features for accurately deriving

thermal properties of soils. These correlations are inevi-

tably incomplete and implicitly contain errors and uncer-

tainties which can be broadly estimated but cannot be fully

calculated via analysis of the accuracy of the measurement

equipment. Comparisons with data obtained otherwise can

provide confidence in the method, in this case comparison

with data derived from sampled material tested in the

laboratory and data derived from in situ tests. All sampling

processes disturb the soil samples, thereby inducing errors

in that process. This means that a moderate error in the

comparison between the results is unavoidable.

Comparison with results from laboratory hot disc tests

for volumetric heat capacity showed a low error (RMSE of

around 0.06) and a high correlation (R2 of around 0.7).

However, the range of soils tested was small, and the

values were corrected for densities. The low error also fits

into the finding that many soil minerals have a similar

volumetric heat capacity, and therefore identifying the soil

type accurately is not essential (see Fig. 1a, and associated

text). Further field tests are warranted to confirm the find-

ings on a larger range of soil types.

For the volumetric heat capacity correlations, both show

a decrease in volumetric heat capacity with an increase in

normalised cone resistance (due to increases in predicted

density). In addition, for relatively high values of nor-

malised cone resistance (Qtn[Qtn,ref = 50) the two cor-

relations also both show a decrease in volumetric heat

capacity with an increase in normalised friction ratio

(probably mainly due to increased over-consolidation

ratios and therefore density). However, for soils at

relatively low values of normalised cone resistance

(Qtn\Qtn,ref = 50) the two correlations give opposing

trends for volumetric heat capacity in relation to nor-

malised friction ratio. This is probably due to the interplay

between changing composition, changing density and

changing OCR or soil structure which changes the nor-

malised friction ratio [28]. It is noted that the underlying

Lengkeek et al. [20] density correlation has been shown to

be more accurate at relatively low values of normalised

cone resistance.

For thermal conductivity, the mineral type plays an

important role (see Fig. 1b). Moreover, the arrangement of

particles plays a more important role in thermal conduc-

tivity and contributes to uncertainties and errors. A struc-

tural error is observed at high densities, which has been

corrected, although the correction is likely to be soil/site

dependent. It is clear from the RMSE (of around 0.5, after

correction) that a significant scatter still exists. The values

are scattered around the 1:1 line without systematic bias in

Fig. 9, i.e. no systematic over or under-prediction, which

suggests that the method is accurate, but not precise (rel-

atively high R2 and RMSE). Vardon et al. [32] indicated

(a) (b)

Fig. 9 Illustration of high cone resistance adjustment of thermal conductivity a complete k-CPTR correlation (RMSE = 0.45) and b complete

k-CPTL correlation. Qtn_lim = 170 and a = 1.7 (RMSE = 0.48)

Acta Geotechnica (2021) 16:635–646 643

123



that point-wise thermal conductivity was shown to be both

accurately and precisely determined, whereas the volu-

metric heat capacity was not. Together the thermal con-

ductivity correlation and point-wise results offer the

opportunity of both accurate and precise estimation of

thermal conductivity.

7 Conclusions

Thermal properties of soil that are representative of in situ

conditions are difficult to obtain. CPT correlations for

thermal properties have been proposed, which make use of

the characteristics of existing CPT correlations, which offer

continuous profiles of thermal conductivity and volumetric

heat capacity of saturated soil. The continuous estimations

provide added value in practice, where previously only

point-wise in situ measurements of the thermal conduc-

tivity and volumetric heat capacity were available.

A validation of the proposed correlations with field and

laboratory tests has been carried out. The volumetric heat

capacity CPT correlations proved to match well with hot

disc laboratory tests (RMSE around 0.06), whereas the

thermal conductivity correlations offered a good match

with in situ results (T-CPT and in situ needle probe), with

some spread in the results (RMSE around 0.5). An

empirical adjustment is needed as part of the thermal

conductivity correlations at high cone resistance values.

(a)

(b)

Fig. 10 Two CPT profiles including proposed correlations; the thermal conductivity correlations are both using the high cone resistance

correction, with Qtn_lim = 170 and a = 1.7
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Any improvements made in CPT correlations for density

can be incorporated in these thermal correlations, following

the method given here. Utilising the T-CPT results to

provide site-specific adjustment, particularly at high cone

resistance values, can give reasonable site-specific profiles.

The strength of this proposed method is that continuous

profiles are estimated. This means that differences in

thermal properties between layers and sub-layers can be

identified and perhaps also targeted for further site inves-

tigation. The method proposed in this paper is cost-effec-

tive, being that it uses information that is already typically

collected during site investigations. It can therefore also be

used on existing data, offering a method to produce good

initial estimates.
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