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Abstract
The precise determination of subsurface thermal properties is critical for ground-source heating systems. The geomaterials 
are inherently heterogeneous, and their thermal conductivity measured in laboratory and field tests often exhibits anisotropic 
behaviours. However, the accurate measurement of thermal responses in geomaterials presents a challenging task due to 
the anisotropy’s variation with the observed scale. Hence, a numerical method is developed in this work and illustrated by 
taking a typical anisotropic structure of geomaterials with the porosity of 0.5 as an example. The differences in data from 
laboratory measurements and field tests are discussed to explore the scale effect on anisotropic thermal properties. A series 
of simulation tests are conducted on specimens with varying dimensions using the finite element method. Results indicate 
that the thermal properties show a substantial sensitivity to the observation scale, the variation of which decreases with the 
sample dimensions. By comparing in situ data and laboratory results, the values of average thermal conductivity and cor-
responding anisotropy ratio are lower than those at small scales, indicating that careful consideration should be given to the 
thermal properties to account for heterogeneity and anisotropy. In addition, four upscaling schemes based on the averaging 
method are discussed. This study sheds light on the gap between the laboratory results and the field’s inherent properties 
and provides guidelines for upscaling small-scale results to field-scale applications.

Keywords Scale dependency · Thermal conductivity · Heterogeneous geomaterials · Anisotropy · Statistical volume 
element · Upscaling method

Introduction

Geomaterials are heterogeneous, and their thermal proper-
ties tend to be anisotropic, both of which vary with scale 
(Samadhiya et al. 2008; Li et al. 2020; Rodriguez-Dono 

et al. 2023). The anisotropic behaviour of geomaterials can 
be attributed to various factors, such as depositional pro-
cesses and the existence of pores and/or cracks (Mitchell 
and Soga 2005; Zhang et al. 2022; Li et al. 2023c), and 
heterogeneity is the primary source of anisotropy (Lake 
1988; Nie et al. 2023). The sedimentary processes within a 
formation can lead to evident stratification, and the proper-
ties of geomaterials in the horizontal direction differ from 
those in the vertical direction (Journel and Huijbregts 1978; 
Ghysels et al. 2018; Yang et al. 2021). Thermal conductivity 
of geomaterials (k) is an essential property of geomaterials, 
which plays a vital role in many geoengineering fields such 
as oil shale mining, exploitation of geothermal energy and 
optimal design of radioactive waste repository (Prats and 
O’Brien 1975; Rapti et al. 2022; Li et al. 2023a). Table 1 
presents several typical experiments on the anisotropic ther-
mal conductivity of heterogeneous geomaterials, including 
rock, clay, quartz sands and silts. It can be noted that a large 
number of studies on this topic have been explored, but 
they mainly focused on exploring the anisotropy of thermal 
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properties through experiments with limited sample dimen-
sions (see Table 1).

An accurate evaluation of the thermal properties of geo-
materials is also challenging. The thermal conductivity of 
geomaterials under different conditions (e.g. dry condition, 
saturated condition) varies from 0.1 to 7.8 W/(mK) (Côté 
and Konrad 2009; Liu et al. 2022), which can be affected by 
different factors such as mineralogy, density, water content, 
porosity, saturation and temperature (Brigaud and Vasseur 
1989; Cho et al. 2009; Huang et al. 2023; Li et al. 2023b). 
Many scholars have discussed the sensitivity of those fac-
tors in relation to k through test and simulation methods. 
As for laboratory tests, the samples collected from drilling 
cores and outcrops are measured via steady-state or tran-
sient methods (Elkholy et al. 2019). The thermal response 
test (TRT) is a reliable approach to assess in situ thermal 
responses, particularly for applying the ground-coupled heat 
pump (GCHP), but it is relatively uneconomical.

Laboratory investigation on samples taken from boreholes 
is helpful in determining the thermal conductivity within 
a small scale (e.g. mm and cm) (Tarnawski et al. 2013), 
while TRT can reflect the thermal properties of geomateri-
als within a radius of influence of 1 to 2 m (see Fig. 1). The 
discrepancy can be observed between different scales, that 
is, scale dependence. Jorand et al. (2013) reported that the 
values of k from laboratory measurements are higher than 
those determined at a larger scale. Some scholars (Di Sipio 
et al. 2014; Blázquez et al. 2017; Haffen et al. 2017) have 
also attempted to map the thermal conductivity distribution 
of the earth’s crust according to limited test data since it is 
likely to be impossible to measure all samples at the site 
of interest. For homogenous media, this type of upscaling 
strategy may not yield biases. However, this operation can 
result in significant deviations in the assessment of thermal 
conductivity over a much larger scale (e.g. regional scale) 
since the anisotropic nature of the thermal properties of het-
erogeneous geomaterials is scale-dependent. Furthermore, 
some determinations of the thermal conductivity of geoma-
terials have neglected its intrinsic heterogeneity and anisot-
ropy in thermal properties (Popov et al. 2016). Therefore, 
investigations into how the thermal properties (i.e. thermal 
conductivity and anisotropy) of heterogeneous geomaterials 

vary with the observed scale are essential for developing a 
feasible and eligible upscaling method from measurements 
of k at small scales to larger scales.

Due to the limited availability of anisotropic experimental 
samples of geomaterials and the scarcity of corresponding 
laboratory measurements (Vasseur et al. 1995), it is cru-
cial to develop an effective method of analysing the scale 
dependence of anisotropy in thermal conductivity. Accord-
ingly, the numerical technique is an appealing method to 
estimating the thermal properties of geomaterials with 
known internal structures (Wang et al. 2006). The quartet 
structure generation set (QSGS) method is employed to 
construct in situ geomaterial samples from TRT, which is 
acknowledged to be capable of characterising the porous 
structure of soils (Germanou et al. 2018). The reconstructed 
sample with the porosity of 0.5 serving as a representative of 
the TRT specimen is subsequently decomposed into M × M 
grids sample, since the anisotropy in thermal conductivity 
is closely associated with porosity and reaches its maximum 

Table 1  Summary of typical investigations on the anisotropy in thermal properties of heterogeneous geomaterials

Materials References

Rock Čermák and Rybach 1982 (muscovite); Grubbe et al. 1983; Deming 1994; Schön 1996; Popov 
et al. 1999; Davis et al. 2007 (metasedimentary); Mehmani et al. 2016 (shale); Yu et al. 2023 
(Tamusu mudstone)

Rock and clay Penner 1963; Midttømme et al. 1997
Quartz sand and silts Midttømme and Roaldset 1998
Clay Midttømme et al. 1998; Buntebarth 2004; Mügler et al. 2006; Dao et al. 2014; Zhang et al. 2019

Fig. 1  Schematic diagram of TRT (modified from Corcoran et  al. 
2019)
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value at a porosity of 0.5 (Li et al. 2022). To investigate 
the scale dependency of thermal properties and their ani-
sotropy ratio, various samples with different dimensions 
are extracted from the initial reconstructed TRT sample 
and analysed using the finite element method (FEM). The 
corresponding results of thermal properties and anisotropy 
ratio are recorded for further discussion. To explore the links 
between k values at different scales, four typical averaging 
approaches are also compared. This study presents the first 
effort to construct a simple framework that discusses the 
variation in anisotropic thermal properties with respect to 
observed scale, which sheds light on the gap between labora-
tory measurements and in situ properties and provides guide-
lines for upscaling geomaterials’ properties in engineering.

Methodology

Existing prediction method for k

As a complex multiphase medium, evaluating the thermal 
conductivity of geomaterials is a challenging task. Various 
prediction models have been established based on limited 
laboratory data. One of the most widely used models for 
predicting k was proposed by Johansen (1977). Combining 
two conditions of geomaterials (i.e. dry and saturation state), 
this model can be extended to a wide range of water content.

where Kr is normalised thermal conductivity which is the 
function of saturation; ksat and kdry are the thermal conduc-
tivity of geomaterials at dry and saturation states, respec-
tively; a is an empirical parameter; and Sr is saturation 
degree. As a simple and easy-to-use model, Eq. (1) yields 
great performance for predicting k and has been referenced 
in many scientific studies (Balland and Arp 2005; Côté and 
Konrad 2005; Farouki 1981). Hence, the two extreme soil 
conditions above will be considered in further detail below 
for more general applications. Referring to Li et al. (2020), 
the thermal conductivity of solid (ks), air (ka) and water (kw) 
is set to 4, 0.02 and 0.5 W/(mK), respectively.

Numerical method

The reconstruction technique adopted to rebuild the struc-
ture of geomaterials is first introduced in the following sec-
tion. In addition, the calculation procedure for the thermal 
properties of heterogeneous materials is briefly elucidated.

(1a)k =
(

ksat − kdry
)

× Kr + kdry

(1b)Kr = a log Sr + 1

Reconstruction of geomaterials

Reconstruction of the anisotropic structure where solid 
fabrics exhibit preferred orientations is the key to deter-
mining the thermal conductivity of geomaterials. Jorand 
et al. (2013) reported that the anisotropy of geomaterials 
derives from three primary sources that are solid fabric 
configurations, orientations of flaws (e.g. cracks) and crys-
tal anisotropy. In this work, we mainly focus on the influ-
ence of arrangements of solid fabrics on thermal behaviour 
and utilise the quartet structure generation set method to 
reconstruct the anisotropic structure of geomaterials. The 
reconstruction technique was initially proposed by Wang 
et al. (2007) and has been demonstrated to accurately rep-
licate the morphology of natural soil specimens (Wang 
et al. 2017; Zhou et al. 2019). The effectiveness of this 
approach has also been validated by Li et al. (2022) and 
Han et al. (2023) to analyse the anisotropic thermal con-
ductivity of geomaterials.

The reconstruction procedure involves four modelling 
parameters. The first parameter is the distribution prob-
ability of solid particle core (Cd), which controls initial 
solid core content placement. Other solids are generated 
based on the growth probability of solid (Pi) that contains 
four primary directions (i = 1, 2, 3, 4) and four secondary 
directions (i = 5, 6, 7, 8) (see Fig. 2a). The generation 
process of the solid phase will be terminated when the 
porosity (n) reaches the target content. Figure 2b demon-
strates the flow chart of the whole modelling procedure. 
The anisotropic structure of geomaterials can be achieved 
by altering the value of Pi. When Pi in four primary direc-
tions is quadrupled that in four secondary directions, the 
rebuilt sample can be regarded as isotropic. As geomate-
rials tend to exhibit layering in the horizontal direction, 
the ratio of Pi in the x-direction to that in the y-direction, 
labelled “Y”, often exceeds 1.

Referring to Li et al. (2022), the heterogeneous geoma-
terials reconstructed with higher values of Y exhibit more 
pronounced layered structures, which in turn enhances the 
anisotropic effect in thermal conductivity. Thus, the critical 
modelling parameter “Y” is set as 50 in this work. In addi-
tion, Li et al. (2022) also indicated that the anisotropy ratio 
is closely related to porosity. More precisely, rk increases 
initially and then decreases with increasing porosity, reach-
ing its maximum if n equals 0.5. Since different geomaterials 
represent various combinations of factors (e.g. porosity and 
different levels of layered structure), we selected a geomate-
rial specimen whose Y = 50 and n = 0.5 as a typical example 
to investigate the scale dependency of thermal properties. 
Findings from this particular case can be used to predict 
thermal conductivity and the corresponding anisotropy ratio 
for other heterogeneous geomaterials with different struc-
tures in practice.
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Computation of thermal properties

We are interested in calculating the thermal responses of 
geomaterials at various dimensions and distinguishing 
their differences, especially the gap between data obtained 
from TRT and laboratory measurements. This typical sam-
ple from TRT is hereafter named “Sample T”. A repre-
sentative realisation of anisotropic geomaterial generated 
using the QSGS method is presented in Fig. 3, with the 
size of 2000 mm × 2000 mm, which is consentient with 
the in situ TRT sample size. Three scales are involved in 
this study, i.e. in situ sample length (L), mesoscale length 
(Lm) that represents the size of the sample in centimetre 
and millimetre (e.g. laboratory-scale) and the minimum 
scale (d) that is the grid cell size used in the simulations 
and is equivalent to the solid size.

The representative volume element (RVE) is often 
employed to determine material properties (Hill 1963; Nie 
et al. 2021), the dimension of which is not fixed and depends 
on the specific property of interests. Statistical volume ele-
ment (SVE) is typically implemented as an alternative to 
RVE, whose properties are variable from one sample to 
another. Therefore, for exploring the influence of observed 
scale on the anisotropy of thermal properties, the whole 
in situ specimen (i.e. sample T) is divided into M × M grids 
as depicted in Fig. 3 where every grid serves as an SVE. 
Herein, various samples with different dimensions (i.e. each 
grid in sample T) are extracted from sample T, defined as 
“sample S”, and their corresponding thermal properties will 

be calculated to explore the scale dependence of thermal 
conductivity.

For determining the thermal properties of SVE, a homog-
enisation procedure is conducted coupled with the finite ele-
ment method (see Fig. 4). Thermal conductivity controls the 
heat transfer in geomaterials, the determination of which is 
based on Fourier’s law.

where q is the heat density, k represents the thermal con-
ductivity and ∇T is the temperature gradient. Equation 2 is 
solved to simulate this steady-state thermal issue by applying 
the following boundary conditions:

Dirichlet boundary (uniform temperature boundary)

The Dirichlet boundary condition denotes two opposite 
sides are imposed constant temperature to generate a tem-
perature gradient.

Neumann boundary (adiabatic boundary)

where T0 is a prescribed temperature; n is the outward 
normal vector to the simulation domain. Each sample S is 
loaded with the defined two boundaries for homogenisation 
in the finite element analyses. When calculating the thermal 
conductivity along x-direction (kx), the Dirichlet boundary 
is applied on the boundaries perpendicular to the horizontal 

(2)q = −k∇T

(3)T = T0

(4)∇T ∙ n = 0

Fig. 2  Schematic diagram: 
(a) eight growth directions of 
solid core in QSGS method; (b) 
flowchart of the QSGS method 
to reconstruct the anisotropic 
geomaterials
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direction and the Neumann boundary is set at the surfaces 
parallel to the x-axis. In contrast, the two boundary condi-
tions are swapped if the value of thermal conductivity along 
y-direction (ky) is needed to be computed.

As for the anisotropy in thermal conductivity, the anisotropy 
ratio (rk) is defined as the ratio of the thermal conductivity in 

the x-direction (kx) to that in the y-direction (ky) since the geo-
materials possess apparent layered structures in the horizontal 
direction (Jung et al. 2021).

(5)rk = kx∕ky

Fig. 3  Schematic diagram of simulation sample via QSGS method (n =0.5; Cd=0.01; Y = 50) involving three scales (in situ scale L, investiga-
tion scale Lm and minimum grid scale d). The square with the length of Lm represents the investigation sample (i.e. sample S) where Lm varies

S

Fig. 4  Illustration of the homogenisation scheme. Boundary conditions refer to the Dirichlet or Neumann boundaries
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Results and discussion

Anisotropic structure of geomaterials

The Feret diameter, which was initially proposed by Walton 
(1948), is employed in this study to quantitatively characterise 
the horizontal layered features of solids in geomaterials. To 
assess the extent of the anisotropic structure of sample T, the 
rose diagram of angles between the Feret diameter and x-axis 
is plotted in Fig. 5. It seems that most of the minimum Feret 
diameter lies in the vertical direction, while the angle of maxi-
mum diameters ranges from 170 to 190°. Figure 5 indicates 
that reconstructed sample T has noticeable layered features, 
which echoes the modelling parameter Y with a higher value.

To shed light on the scale dependency on anisotropic 
thermal properties, all sample S (i.e. SVE) extracted from 
sample T are computed by Eqs. (2–5). Table 2 lists all the 
cases involved in our framework. Regarding laboratory 
measurements, the sample dimension is dependent on the 
specific testing methods employed. Typically, the specimen 
diameter should exceed 70 mm, and the minimum thick-
ness should be no less than 90 mm. In this study, a typical 
sample dimension of 100 × 100 mm was used as a substitute 
for laboratory testing. It can be observed from Table 2 that 
the number of SVE that need to be calculated increases as 
the dimension of sample S reduces. In the following sec-
tion, we will investigate the relationship between sample 
dimension and the thermal conductivity of geomaterials, as 
well as its corresponding anisotropy ratio. By conducting 
comprehensive experiments and analysis, the variations in 
thermal conductivity and anisotropy ratio across different 
sample dimensions will be elucidated.

Scale dependency on thermal properties

The thermal properties of each SVE are computed via FEM. 
Figure 6 depicts the results of rk of dry sample S under three 

typical dimensions (25, 100 and 400 mm). Results in Fig. 6a 
indicate that the range of the anisotropy ratio expands as 
sample T is gradually refined. As shown in Fig. 6b, the mean 
value of rk increases from 7.9 to 17.75 as decreasing sample 
dimension. In addition, the anisotropy ratio tends to be dis-
tributed in a normal distribution form as sample S refines. 
All samples with different dimensions extracted from sample 
T are prepared and tested to determine the specific relation-
ship between thermal properties and observed scales. The 
FEM results of eight cases in Table 2 are discussed in detail.

Figure 7 illustrates the simulation results marked with 
scatters, including the thermal conductivity in two orthog-
onal directions and the anisotropy ratio of various samples 
with different dimensions at dry conditions. The median, 
extremes, upper and lower quartiles are also shown with 
box-plot. The mean values of thermal properties in sam-
ples with the same dimensions are also represented in 
Fig. 7 by dashed lines. It can be noted that the curves of 
thermal properties (i.e. kx, ky and rk) versus sample dimen-
sion by using mean value and median value exhibit similar 
trends. When the observed scale is relatively small, the 
properties in heat conduction have significant fluctuation. 
This can be attributed to the heterogeneity of the sample 

Fig. 5  Rose diagram of 
(a) directional angle of the 
maximum Feret diameter with 
respect to x-axis; (b) directional 
angle of the minimum Feret 
diameter with respect to x-axis

Table 2  Various sample 
dimensions of sample S 
considered in this study

Dimension of sam-
ple S (mm)

Number 
of sample 
S

2000 × 2000 1
1000 × 1000 4
500 × 500 16
400 × 400 25
250 × 250 64
100 × 100 400
50 × 50 1600
25 × 25 6400
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at a small scale inducing the heat transfer barriers or the 
flow channels with high connectivity. Both the average 
values of kx and rk have a similar trend as the increment of 
Lm/d. In particular, the anisotropy ratio can reach up to 45 
when the observed scale is 25 Lm/d. On the contrary, the 
rk of sample T is 7.52, which is considerably lower than 
the datum at a small scale. The difference between data 
at small scales and results measured in situ tests demon-
strates that direct upscaling of the results from small scales 
to large scales of interest in practical applications may 
lead to significant errors. Figure 7b also shows that the 
mean value of ky hardly changes with the sample dimen-
sion, which can be attributed to sample S with horizontal 
layered structures so that the mean thermal transfer along 
the vertical direction is not sensitive to the sample dimen-
sion. Comparing those data, one can conclude that the 
variation in thermal conductivity of SVE decreases with 
the increasing observed scale. It should be emphasised 
that when upscaling the small-scale (e.g. laboratory-scale) 
experimental or numerical tests on the geomaterial sam-
ples to field scale, the anisotropy in thermal conductivity 
may be altered by the scale dependency.

As for sample S in a saturated state, similar results 
are also demonstrated in Fig. 8. In general, the compari-
son of the dotted and dashed curves in Fig. 8 illustrated 

that the mean values of thermal conductivity and ani-
sotropy ratio against sample dimension are consistent 
basically with the trends of median values of thermal 
properties with sample dimension. Some violent fluc-
tuations of thermal conductivity and anisotropy ratio 
can be observed when the size of sample S is less than 
250 Lm/d. Unlike dry geomaterials, the discrepancy of 
average thermal responses between different scales is 
not as apparent for saturated samples, implying a slight 
decrease when the sample dimension increases. This 
can be attributed to the different ratios of thermal con-
ductivity of solids to that of pores (ks/kp). For dry geo-
materials, the ratio of ks to ka is equal to 200 (= 4/0.02), 
while the ratio of ks to kw is merely equal to 8 (= 4/0.5) 
when the sample is saturated. A higher ratio of ks/kp 
can promote the effect of heterogonous structure on the 
anisotropy in thermal conduction. According to previ-
ous analyses, the thermal behaviours of geomaterials in 
practice probably lie between the results of two extreme 
conditions of geomaterials.

Variation of thermal property

In this section, the scale dependency on thermal properties 
is explored by statistical analyses. For SVEs under the same 

)3-a()2-a()1-a(

)3-b()2-b()1-b(

Fig. 6  Anisotropy ratios for dry geomaterials at three typical dimensions: (a) rk of each SVE; (b) histogram of rk
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dimension, their thermal conductivity and corresponding 
anisotropy ratio are recorded and utilised as inputs.

Figure 9 depicts the statistical convergence of the mean 
value and coefficient of variation (COV, which equals the 
ratio of standard deviation to mean) for sample S with differ-
ent dimensions at dry and saturation conditions. In general, 
the mean values of thermal conductivities (i.e. kx and ky) 
of saturated samples with the same sample dimension are 
higher than those of dry samples since kw is larger than ka. 
The mean values of thermal properties of saturated samples 
do not present remarkable changes with Lm/d. However, the 
thermal conductivity of dry samples has more obvious scale-
dependent characteristics (see Fig. 9a-1 to a-3). The greater 

ratio of thermal conductivity (ks/kp = 200) leads to more 
considerable changes in mean values of kx and rk but smaller 
than that of ky. The COV reduction is considerable when 
upscaling from a small scale to in situ scale, given in Fig. 9b.

Regarding the coefficient of variation (COV) of ther-
mal conductivity, both dry and saturated samples exhibit 
a similar trend. The COV (kx and ky) decreases dramati-
cally at relatively small scales where the sample dimen-
sion at dry conditions ranges from 25 to 250 Lm/d. When 
the observed scale is larger than 250 Lm/d, the COV has 
dropped to zero nearly. When the pores are occupied 
with water in geomaterials, the variation of COV in ther-
mal conductivity is slight, ranging from 0.1 to 0 as Lm/d 
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ity ky; (c) anisotropy ratio rk



Bulletin of Engineering Geology and the Environment (2024) 83:73 Page 9 of 14 73

increases. Notably, the COV of rk in saturated samples 
at larger scales is approximately close to 0, while that of 
dry samples gradually decreases with the increment of the 
observed scale (see Fig. 9b-1). Therefore, the variation of 
thermal properties is not negligible when the samples are 
tested at small scales. To ensure more accurate measure-
ments, it is crucial to have an adequate number of labora-
tory samples, especially for anisotropic geomaterials with 
lower moisture content.

Upscaling thermal properties

To evaluate the thermal properties of anisotropic geomateri-
als at large scales such as metre-scale or kilometre-scale, it is 
often impractical to perform direct numerical simulations on 

the entire sample due to the computational burden. Accord-
ingly, an upscaling scheme can be an efficient tool to calcu-
late thermal properties, which involves simplification strat-
egies to reduce the complexity. In practice, the averaging 
methods are often applied for upscaling problems. Herein, 
we considered four averaging models, including arithmetic 
average model, harmonic average model, geometric aver-
age model and quadratic average model, to estimate the 
thermal properties at a coarse scale by averaging the results 
from high-resolution grid cells at small scales. The specific 
expressions of four averaging schemes are shown below.

(6a)kA =

n
∑

i=1

ki∕n

(a) (b)

(c)

Fig. 8  Box plots of thermal properties of SVE at different scales for geomaterials at saturated state: (a) thermal conductivity kx; (b) thermal con-
ductivity ky; (c) anisotropy ratio rk
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where n is the number of SVE, ki is the thermal conductivity 
of ith SVE, kA is the arithmetic average of SVEs, kH is the 
harmonic average of SVEs, kG is the geometric average of 
SVEs and kQ is the quadratic average of SVEs.

The thermal conductivity of sample T is calculated 
by averaging k of each SVE with various dimensions, 
and the corresponding results are shown in Fig. 10. It 
can be noted that the differences between kx and ky cal-
culated by four averaging models at dry conditions are 
larger than that at saturated conditions. The thermal con-
ductivity of geomaterials is affected by the volumetric 
fraction and individual properties of each component 
with geomaterials. For dry samples, the pores are filled 

(6b)kH = n∕

n
∑

i=1

1

ki

(6c)kG =
n

√

√

√

√

n
∏

i=1

ki

(6d)kQ =

√

√

√

√

n
∑

i=1

k2
i
∕n

with air whose thermal conductivity equals 0.02 W/(mK) 
(Li et al. 2020). In contrast, the thermal conductivity of 
water occupying the entire pore space within the satura-
tion sample is 0.5 W/(mK) (Li et al. 2020). Accordingly, 
for a particular type of geomaterial with the same poros-
ity, the thermal conductivity of the geomaterial at the 
saturation state is higher than that at the dry condition. It 
can be observed that the values in Fig. 10c–d are higher 
than the corresponding values in Fig. 10a–b. Referring 
to Fig. 9, the COVs of rk of dry samples are higher than 
those of saturation samples, which indicates that the val-
ues of rk of SVEs at dry conditions exhibit significant 
variations. In other words, the deviations between kx and 
ky of SVE are more pronounced. After implementing four 
averaging schemes, the differences in ultimate average 
values between kx and ky of sample T at dry state are also 
more remarkable than those for sample T at saturation 
state, as shown in Fig. 10.

In general, the thermal conductivity of sample T 
obtained from various averaging methods varies slightly 
as the dimension of SVE increases, all of which tend to 
converge to the data calculated by direct FEM. In view of 
sample T at a dry state, it appears that harmonic average 
can be used to assess kx, whereas the arithmetic average 
model is more suitable for evaluating ky. As for saturated 

)3-a()2-a()1-a(

)3-b()2-b()1-b(

Fig. 9  Statistical results: (a) mean value of thermal properties; (b) COV of thermal properties
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samples, the geometric average nearly coincides with the 
thermal conductivity from direct FEM over the entire sam-
ple T. Therefore, the minimum observed size should be 
limited to 1/8 (=250/2000) size of the macroscale sample 
of interest to derive relatively accurate results.

The thermal conductivity of geomaterials exhibits 
inherent anisotropy, although its value may vary at dif-
ferent positions within samples and be dependent on the 
scale to some extent. This study investigates the aniso-
tropic thermal properties of heterogeneous geomaterials 
and reveals that thermal conductivity is scale-dependent, 
particularly for samples with lower moisture content. 
Notably, significant variations in thermal conductivity are 
observed at small scales. These variations arise primarily 
due to the focus of laboratory examinations on relatively 
small volumes of heterogeneous geomaterials compared 
to field conditions.

The internal structures of samples at small scales are 
unique, with notable heterogeneity such as varying poros-
ity. These structural differences strongly impact the thermal 
properties of the tested samples. Additionally, specific bar-
riers to heat conduction or flow channels with high connec-
tivity play a significant role at smaller scales but gradually 
diminish in importance as the sample dimensions increase. 

It is important to recognise that the data obtained from 
laboratory measurements reflect local thermal responses 
and are insufficient to fully capture the actual heat trans-
fer behaviour at larger scales. This limitation stems from 
the fact that laboratory examinations typically focus on 
relatively small volumes of heterogeneous geomaterials 
compared to the scale of field conditions. The complexity 
of the geomaterials’ internal structures and the interplay 
between different factors at different scales necessitate a 
more comprehensive understanding of thermal conductiv-
ity anisotropy to accurately model and predict heat transfer 
in real-world scenarios.

Figure 11 demonstrates an upscaling framework to deter-
mine the thermal properties of anisotropic geomaterials. It is 
worth noting that when upscaling the fine-scale (e.g. labora-
tory-scale) experimental or numerical tests on the geomate-
rial samples to field scale, the resolution of fine grids should 
be emphasised. Appropriate resolution selection enables 
engineers to capture geomaterials’ complex internal struc-
tures and anisotropic behaviour effectively. Besides, with 
the aid of approximate upscaling methods, a more accurate 
representation of the thermal properties at larger scales can 
be achieved, facilitating reliable predictions and modelling 
of heat transfer phenomena in real-world applications.

Fig. 10  Thermal conductiv-
ity of sample T calculated by 
averaging method: (a) kx at dry 
state; (b) ky at dry state; (c) 
kx at saturated state; (d) ky at 
saturated state. The dashed line 
denotes the datum calculated by 
direct FEM
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Conclusions

This study focuses on the thermal properties (i.e. thermal 
conductivity and its anisotropy) of heterogeneous geoma-
terial. A typical geomaterial sample reconstructed by the 
QSGS method is regarded as a representativity of in situ 
sample and decomposed into a series of SVE. The values of 
thermal conductivity and anisotropy ratio of samples with 
different dimensions are calculated by FEM to explore the 
scale dependence of heterogenous geomaterials. In addition, 
appropriate and effective upscaling schemes for regional-
scale evaluation of properties or geothermal potential are 
also recommended for references to link the anisotropy of 
in situ geomaterials and laboratory measurements. The pri-
mary conclusions are summarised as follows.

The reconstructed geomaterials by the QSGS method 
display distinct layered features since most maximum Feret 
diameters lie vertically, which indicates that the recon-
structed sample is a typical representative of heterogene-
ous geomaterial and can be capable of analysing the scale 
dependency on the anisotropy of thermal conductivity.

For the dry samples, both the mean values of kx and rk 
have similar decreasing trends with the increment of Lm/d. 
The mean value of ky hardly changes with the sample dimen-
sion. Unlike dry geomaterials, the discrepancy of mean val-
ues of thermal properties between different scales is not as 
apparent for saturated samples, implying a slight decrease 
when the sample dimension increases. The thermal behav-
iours of geomaterials in practice probably lie between the 
results of two extreme conditions (dry and saturation) of 
geomaterials.

The anisotropic properties of heterogeneous geomateri-
als exhibit significant scale dependence, especially the dry 
geomaterial samples. The values of thermal properties of 
samples at fine scales become more fluctuant, and their 
variation gradually decreases to zero with the increment of 
sample dimension.

Results demonstrated that the samples at small scales 
are insufficient to manifest the inherent anisotropic thermal 
conductivity in the field, and directly upscaling the results 
to a global or regional scale may import errors. For speci-
mens in the laboratory, the experimental scale is capable of 
determining the thermal conductivity within the mesoscale 
(i.e. mm and cm) surrounding the sample or a borehole, but 
it is prone to fail to reflect the actual inherent anisotropy of 
heterogeneous geomaterials.

The minimum length of refined grids should be limited 
to 1/8 sample dimension of interest so that four averaging 
methods can perform well to assess thermal conductiv-
ity. For kx of dry samples, harmonic and arithmetic aver-
age models are more suitable for determining kx and ky, 
respectively. In addition, the geometric average model also 
performs better than the other three averaging methods for 
saturated geomaterials.

In conclusion, this research presents a novel framework 
to discuss the scale dependence on the thermal properties 
of anisotropic geomaterials, which can serve as a reference 
for the design and analysis of the anisotropic geomateri-
als in terms of the multi-scale field. However, limited by 
the lack of available samples of good quality and measured 
data of rk for various types of geomaterials, this study is 
likely not to perfectly replicate a geomaterial specimen with 
real-world properties but yield a series of statistical analyses 
with uncertainty qualification to provide a new perspective 
to explore the scale dependency of anisotropy in thermal 
conductivity. Besides, this work merely illustrated one typi-
cal in situ sample with a relatively high porosity (i.e. 0.5). 
It would be beneficial to acquire additional field-scale data 
to validate the effectiveness and applicability of upscal-
ing schemes. Future work stemming from this preliminary 
study could involve the integration of more available field 
data representing geostatistical measurements to further 
narrow the gap between upscaling schemes and real-world 
energy and environment engineering applications. Moreover, 

(a)                     (b)                     (c)                   (d)

1 2 3 10

Fig. 11  Upscaling framework for evaluating anisotropy thermal properties of heterogeneous geomaterial
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comprehensive investigations of the influence of porosity on 
the scale dependency of anisotropy in thermal conductivity 
will be a focal point of future research.

Symbols a:  Empirical parameter; Cd:  Distribution probability of 
solid particle core; d: Minimum scale (i.e. grid cell); k: Thermal con-
ductivity; kdry: Thermal conductivity of geomaterials at dry state; 
ksat: Thermal conductivity of geomaterials at saturated state; kp: Ther-
mal conductivity of materials in pore domain; kx: Effective thermal 
conductivity along x direction; ky: Effective thermal conductivity 
along y direction; Kr: Normalised thermal conductivity; L: Length of 
macroscale sample; Lm: Length of mesoscale sample; M: Number of 
SVE that equals to L/Lm; n: Porosity; Pi: Growth probability of solids 
along i-direction (i = 1, 2, 3, 4, 5, 6, 7, 8); q: Heat flux; rk: Anisotropy 
ratio of the thermal conductivity; Sr: Saturation degree; T: Tempera-
ture; T0: Temperature applied at the boundary; Y: Ratio of P1 to P2; 
n: Outward normal vector to the simulation domain; ∇T: Temperature 
gradient; COV: Coefficient of variation; FEM: Finite element method; 
GCHP: Ground-coupled heat pump; QSGS: Quartet structure genera-
tion set; RVE: Representative volume element; SVE: Statistical volume 
element; TRT : Thermal response test
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