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ABSTRACT: Experimental, numerical and analytical studies are carried out to enhance the thermal perfor-
mance of vertical ground source heat pump (GSHP) systems by improving the grouting material with the addition
of graphite powder. Several mechanical and thermo-physical tests are performed for two different widely used
commercial grouting materials (i.e. bentonite-based and silica sand-based) and homemade admixtures enhanced
with natural flake graphite, synthetic graphite and expanded graphite. Experimentally to assess the specific heat
exchange rates, the prepared borehole heat exchanger (BHE) probes are operated using two heat pumps in a
1 × 1 × 1 m3 sandbox under dry (solid – air) condition. The home-made admixture prepared with 5% natural
flake graphite can be considered as an appropriate grout material for BHEs regarding to its rheological and
thermo-physical properties as well as its cost. During the operations, the monitored temperature measurements
in the sandbox are in agreement with numerical simulation and analytical approach prediction. The sandbox
study shows that if the thermo-physical properties of ground is considerably low, the thermal conductivity of
grout has no significant impact on the performance of BHE, the main resisting component in the thermal transfert
being the ground itself.

1 INTRODUCTION

Geothermal energy is the form of energy that is
extracted from the stored heat ground, and within a
range of 0 to 400 m of depth the stored heat is catego-
rized as shallow geothermal energy. In order to use this
energy, there are varieties of different earth-coupled
heat extraction systems. The closed-loop geothermal
system is one of the mostly used technologies and
its configuration comprises a heat exchanger installed
inside a borehole and a pump that circulates a solu-
tion of water or anti-freeze mixture through the buried
pipes. Thus, the heat is transferred from the ground to
the heat carrier fluid. The objective is to maximize the
heat transfer, in order to optimize the performance of
the system.

The GSHP systems for domestic heating and cool-
ing are basically installed in the ground with high
density polyethylene (HDPE) pipes and filled the sur-
rounding empty space mostly with grout inside the
borehole (e.g. in Sweden groundwater can be used as
filling material). In addition to the thermo-physical
and hydro-geological conditions of the ground, the
characteristics of backfill materials, particularly ther-
mal conductivity, may play an important role for the
specific heat exchange rate (Jun et al. 2009; Lee et al.
2011).

In order to improve the specific heat exchange rate
of BHEs, thermal conductivity of the grout mate-
rial can be enhanced. Particularly, graphite-based
admixtures (Lee et al. 2010; Lee et al. 2011; Delaleux

et al. 2012) have been investigated to enhance the
thermal conductivity of grouting material. Lee et al.
2010 experienced on the suitability of different type of
grouting materials for BHEs. They indicated that with
increasing the content of silica-sand and graphite in an
admixture, the thermal conductivity rises, however, the
viscosity of the admixture also increases. As a result,
by adding 30% graphite to bentonite-based admixture
led to a thermal conductivity of ∼3.5 W m−1 K−1. In
addition, Lee et al. 2011 experienced several in-situ
thermal response tests (TRT) to study the performance
of the vertical GSHP systems with considering vari-
ous grouting materials. They developed an admixture
containing cement, silica-sand and graphite providing
a thermal conductivity of ∼2.6 W m−1 K−1. Recently,
Delaleux et al. 2012 claimed that by adding less than
15% graphite powder in an admixture, the enhance-
ment of grout thermal conductivity can be led to a
significant increase of the specific heat exchange rate
regarding to present commercial backfilling materials.
Nevertheless, in most of the previous works, other nec-
essary parameters such as permeability, compression
strength and workability, were not determined to proof
the applicability of those admixtures as a grouting
material.

The main objective of the present research is to
focus, not only on the thermal improvement, but also
on the other rheological properties of the grout in
order to guarantee a proper behavior of the BHE.
Several laboratory tests have been performed to deter-
mine the suitability of grouting materials for BHE
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and a small-scale sandbox TRT have been operated
in the laboratory for two different commercial prod-
ucts (bentonite-based and silica sand-based) and one
of the home-made admixtures containing natural flake
graphite. In addition, numerical and analytical studies
are carried out to compare the sandbox test results, and
also to evaluate the specific heat exchange rate and the
thermal resistances of BHE.

2 ADMIXTURE

2.1 Commercial grouting materials

In order to investigate the range of specific heat
exchange rate depending on the typical characteris-
tics of grouting materials, first analyses are carried
out by considering two different commercial prod-
ucts that have been used as backfilling material for
BHEs. One of the considered products is bentonite-
based (∼0.9 W m−1 K−1) and other is silica sand-
based (∼2.3 W m−1 K−1). Those two products have
been chosen for their relatively high difference in ther-
mal conductivity, in order to have a large range of
selection. The objective is to justify how the grouting
materials drive the heat exchange rate.

2.2 Homemade admixtures

The considered graphite types for the pre-analyses
(i.e. mechanical and thermo-physical tests) are listed
by increasing cost: (1) natural flake graphite (TIM-
REX M100/45–150 µm), (2) the primary synthetic
graphite with two different grain size distribution
(TIMREX KS150/150 µm, TIMREX KS150-600/150
– 600 µm), and (3) expanded graphite powder (TIM-
REX C-THERM011/2.5% ashes) (TIMCAL 2012).
The components are mixed with various ranges (5–
12% graphite, 24–40% silica sand (D50 = 260 µm),
24–45% water, 20–28% cement and 0–7% Ca2+ ben-
tonite), in order to determine the fraction contents
of admixtures. According to the preliminary (visual)
observations, and also regarding to the guidelines
VDI 4640 (Blatt – 2 & 3) and Allan & Philippa-
copoulos (1998; 1999), the proportion of graphite
shall be less than 10% and silica sand should not
exceed 50%, because graphite absorbs large amount of
water and with the addition of silica sand the pumpa-
bility of admixture becomes unfeasible due to its
high viscosity (VDI 2001b). Therefore, the amount of
graphite powder is kept 5% in all prepared home-made
admixtures.

3 THERMO-PHYSICAL, HYDROLOGICAL
AND MECHANICAL CHARACTERIZATION
OF GROUT MATERIALS

The principal tasks about the grouting materials are to
provide a good thermal conduction between the pipes
and surrounding ground and to ensure a watertight,

durable and frost-proof material (Hermann 2008; Reuß
et al. 2011). In order to propose an appropriate grouting
material in accordance with guidelines, the charac-
teristics of grouting materials must be determined in
terms of hydraulic conductivity, uniaxial compression
strength, thermal conductivity and workability.

The allowable permeability of backfilling material
shall be ≤1 × 10−9 m s−1 (GSHPA 2011). The perme-
ability has been measured in falling head permeameter.

The considered grouting materials are placed inside
the cells, when they are fresh.Then the samples are left
for curing for 2 weeks under water. Then the falling
hydraulic head in the pipe is measured through 30
days to calculate the permeability. Thereby, the per-
meability can be evaluated as a function of curing
time.

The uniaxial compression test is the estimation of
the compression strength of a grouting material with
unrestricted horizontal deformation.

Before compression strength tests, the prepared
fresh samples are placed in a humidity room (∼80%
humidity) under constant temperature at 20◦C, and
curing time is set to 10 days and 30 days to observe
how the strength of the materials changes in time.

Thermal conductivity of grouting material is deter-
mined with the thermal needle probe device (1.5 mm
diameter and 150 mm length).

While the admixture material is fresh, a thin rigid
stick that has the same diameter then the needle probe
(1.5 mm) is placed in the middle of sample (cylinder
shaped sample d = 100 mm, h = 200 mm). Thereby,
the needle probe can be replaced into the sample when
it is dried. During the thermal conductivity measure-
ment, the surrounded gap between the sample and
the needle is filled with a highly-conductive thermal
paste (∼5.6 W m−1 K−1) to avoid artifacts due to air
included in the gap.

For determining the pumpability and the plastic vis-
cosity of admixtures characterizing its workability, the
flow cone method, so called Marsh cone is performed.

The specified volume of fresh grout, 1725 mL,
flows through the nozzle of the cone, and the time
of efflux of suspension is measured in seconds. In
Roussel & Le Roy (2005), an empirical method is
described to classify the flowability of different sus-
pensions.The represented criterion is related to several
rheological parameters (i.e. plastic viscosity and yield
stress) which can be calculated depending on the efflux
time, density of grout and cone geometry (e.g. height
of the cone, radius of the nozzle).

4 SMALL-SCALE BHE CHARACTERIZATION

4.1 Sandbox description

The small-scale TRT experiment is carried out under
dry sand (solid – air) condition. The size of the consid-
ered sandbox for the experiments is 1 × 1 × 1 m3. The
initial ground temperature is 20◦C. The BHEs with a
diameter of 0.135 m are operated with two heat pumps
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Figure 1. The illustration shows the procedure of small scale
sandbox TRT operated with two separated heat pumps.

Figure 2. The considered locations of the thermistors for
temperature measurements: a) 7 pieces thermistor along
the y-axis of a BHE with an interval distance of 7.2 cm
b) Thermistors inside the pipes.

that circulate water with temperature fixed at 12◦C
(inlet) and at 15◦C (outlet), respectively (Fig. 1). In a
real operation, the pump circulates the fluid through
the geothermal probe (∼100–200 m) to have a thermal
gradient between inlet and outlet by the heat exchange
with the ground. In the present test, the 1 m probe
length is not enough to produce a significant tem-
perature difference between inlet and outlet (∼3◦C).
Therefore, the fluid temperatures in the two pipes are
controlled separately.

The outer diameter of the pipes is 0.032 m, and the
flow rate is set to 3.66 × 10−4 m3/s (turbulent flow with
the Reynold number of 1.1 × 104). As the boundary
conditions, we isolated properly the sandbox and the
pipes from the probe to the heat pumps. The opera-
tion time is set to the minimum suggested duration
of a TRT, 50 hours (Austin et al. 2000; Gehlin 2002),
because the ambient temperature strongly influences
the temperature distribution inside the sandbox in case
of the longer operations and also after 50 hours, the
radius of influence of the BHE reaches the wall of
the box.

Since the temperature distribution is symmetric in
the sandbox due to conduction dominated heat transfer
system, the temperatures are measured along the y axis
of BHE with the pt-100 precision thermistors. Addi-
tionally, two thermistors are placed inside the pipes
where the fluid flow into the BHE, to correct the tem-
perature difference between the heat pump and the
probe (e.g. heat pump set 11.7◦C the thermistor read
12◦C).

The widely used method to estimate specific heat
exchange rate Q of the BHE is based on the temper-
ature difference between inlet and outlet (in our case,
the sum of the temperature difference of the inflow and
the outflow of each pipe) given as follows:

in which ρf cf is volumetric heat capacity of heat car-
rier fluid, qf is the flow rate, �T1 and �T2 denote the
temperature variation of the fluid in the pipes 1 and 2
along the 1 m probe length, L.

However, since the temperature difference of the
fluid between inflow and outflow of each pipe is con-
siderably small (<0.1◦C) for a BHE with a 1 m length,
it is not possible to obtain precision measurement
data due to both the sensor accuracy and the resolu-
tion of the acquisition device, ±0.03◦C and ±0.1◦C,
respectively. Therefore, it appears best to estimate the
specific heat exchange rate with the evaluation of
decreasing sand temperature.

Line source or cylindrical source models can be
adopted to evaluate the thermal characteristics of
the ground by using in-situ TRT data. Most of the
time, those approaches are used to deduce the ther-
mal properties of the ground, controlling the heat
input. However, reversely, it is also possible, know-
ing the ground properties, to deduce the specific heat
exchange rate through back-analysis. This is what will
be done in chapter 4.2.3 based on the temperature
profile in the sand.

4.2 Analytical solution

The objective to use an analytical solution is to gain
time for long-term prediction of an engineering appli-
cation, and this implemented analytical approach can
provide us to investigate the near field behavior of a
BHE such an operation of 30 years.

Infinite and finite analytical solutions for BHEs
consider mostly conduction dominated systems
(Ingersoll et al. 1954; Carslaw & Jaeger 1959). How-
ever, those assumptions consider a constant heat load
and do not take into account the borehole resistances
to calculate the temperature change in the surrounding
ground. Since we fix the mean fluid temperature to a
certain value, the heat input changes as a function of
time. Therefore, we should impose several backward
computations to estimate the temperature difference
in the vicinity of BHE. First, the borehole resistances
and the heat input rate are analytically calculated as a
function of time. Then the computed heat load, q(t), is
obtained as a function of borehole resistance and mean
fluid temperature.

4.2.1 Borehole resistance
The borehole resistances can be analytically estimated
regarding to its geometry factor and its typical charac-
teristics. It accounts for the convection and conduction
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pipe resistances and effective borehole wall resistance
(Lamarche et al. 2010):

The total borehole thermal resistance Rb corre-
sponds to the temperature difference between the mean
fluid temperature Tf and the borehole wall tempera-
ture Tb divided by the specific heat exchange rate Q.
This total borehole thermal resistance includes pipe
resistance Rpipe (decomposed into convection and con-
duction resistance R′

conv and R′
cond , respectively) and

grout thermal resistance R′
b. The two pipe resistances,

the convection resistance:

in which ri and ro are the inner and outer radius of
pipe, respectively, and h is the heat transfer coefficient
estimated with Nusselt number (Nu), inner diameter
of the pipe di and thermal conductivity of the fluid λf .

The third contribution of Eq. 2 is a 2D grout thermal
resistance. There are different equations to calculate
the grout thermal resistance excluding pipe resis-
tance (Hellström 1991; Paul 1996; Sharqawy et al.
2009). In particular, Bennet et al. (1987) used the
multipole method. Lamarche et al. 2010 shows that
among other approaches under steady-state and tran-
sient conditions, the multipole solution provided the
best estimation with regard to the numerical results.
For single U-shaped pipe, the first-order solution is
given as follows Bennet et al. (1987):

in which α1 = rb /rp, α2 = rb /xc, α3 = rp / 2xc and rb
is the radius of borehole 0.0675m, rp is the external
radius of pipe 0.016 m and xc is the shank space 0.0415
m. σ is given as follows:

4.2.2 Heat input rate
In the following step, the calculated borehole resis-
tance is taken into account in Eq. 8 to calculate the heat
input rate as a function of time, in order to keep the
mean fluid temperature as a constant in time. Essen-
tially, the equation 8 is used to evaluate the mean
fluid temperature as a function of time by taking line
source method devivated by Carslaw & Jaeger 1959
and adding the effective borehole resistance (Gehlin
2002). In our case, we solve backward this equation to
calculate the heat input rate as a function of time:

where a is the thermal diffusivity, T0 is the undisturbed
soil temperature, and γ is the Euler constant, that is
typically ∼0.57721.

4.2.3 Temperature distribution in the ground
In the last step, the calculated heat input rate as a
function of time can be taken into account for one of
the line source model. We used the moving finite line
source method (MFLS) for a vertical BHE derivated
by Molina et al. 2011 that considers both the axial
effect and groundwater flow. The MFLS agrees well
with numerical results under steady-state and transient
(groundwater flow) underground conditions for short
(>2 hour) and long-term (e.g. 40 years) simulations.
The MFLS method is given as follows:

in which vT is the effective heat transport velocity
depending on the seepage velocity (in our study it is
zero), f (x, y, z, t) is derivated as:

R is the distance to the source placed on z-axis in 3D
Euclidean space and expressed as:

Knowing the experimental temperature distribu-
tion, Eq. 9 can be solved backward to deduce q(t),
which is specific heat exchange rate Q (including
thermal transfer and borehole resistance). One of the
temperature measurement in the sandbox at where the
temperature distribution is symmetric can be taken
into account for �T (t) to calculate the specific heat
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Figure 3. 3D model domain with a 1 m length of BHE.

Table 1. Characteristics of the pipe, water, air and silica
sand.

Thermal Specific heat
conductivity capacity Density

Parameters [W m−1 K−1] [J kg−1 K−1] [kg m−3]

Pipe* 0.42 2170 960
Water** 0.59 4185 1000
Air** 0.024 1000 1.25
Silica sand ∼ 0.35† 820** 1500**
(air/solid)§

*(Hakagerodur-geothermal 2012), **(Engineering toolbox
2012), §Bulk thermal properties of sand with the porosity
of 0.43 [–] (Sibelco 2012), †measured value.

exchange rate (T at x = 0 m, y = 0.14 m, z = 0.5 m),
and the borehole resistance is estimated according to
the left-hand side of the equation 2 (Tb at x = 0 m,
y = 0.0675 m, z = 0.5 m).

4.3 Numerical model

The objective of numerical model is to understand the
impact of the components on the heat transfer sys-
tem (i.e. grout, pipe, soil). The study is represented
by a 3D homogeneous model domain (Fig. 3) with
the finite element software program COMSOL Mul-
tiphysics. The model domain is set according to the
sandbox size (interior dimensions 1 m × 1 m × 1 m).
Since the ambient temperature influences the measure-
ment during the operations, the wooden frames with
the thickness of 1.3 cm are also fixed to the model
domain. The mesh is generated using uniform triangle
elements. The BHE is located at the central position
of the model domain.

As the boundary conditions, temperature boundary
condition is applied on the modeled wooden walls
from each side according to the recorded outer wall
temperature (between the isolation material and wood
frame). Other parameters (i.e. inlet, outlet and simula-
tion time) are set according to the sandbox experiment
(Chapter 4.1). For the simulations, groundwater flow is
not considered. The provided parameters of silica sand
shown in Table 1 is set to the model as the bulk thermal
properties of the porous media (air/solid phase).

5 RESULTS

5.1 Laboratory test results

The fundamental comparison of all variant results can
be found in Table 2. As the reference measurement,
the results of two commercial products are nearly in
agreement with the values provided by the produc-
ers. However, during the process of sample preparing,
because of brittleness of C-2 bentonite-based grout,
micro cracks were produced, that could alter the results
for compression strength and thermal conductivity.

Compared the results of home-made grouts with
the reference values of the commercial grouts, perme-
ability, density and compression strength results are
in an allowable range, except the result of admixture
prepared with expanded graphiteA-5 for which perme-
ability ≤1 × 10−9 m/s is not fulfilled, and the lowest
compression strength and density is observed among
other grouts. The reason is the expanded graphite has
lower density than the other graphite powders (e.g.
expanded graphite bulk density = 150 kg m−3, syn-
thetic graphite 150–600 µm bulk density = 670 kg
m−3).

The higher fraction of sand in A-1 (40%) and the
larger size graphite grains (> 300 µm) which are sunk
into the bottom of A-4 sample caused the sedimenta-
tion in those admixtures. Except the admixtures A-1
and A-4, other suspensions are mixed homogeneously.

Compared the Marsh cone test results, the flowa-
bility of A-1 and A-4 admixtures are considerably
faster than other home-made grouts, because the well-
graded grain size distribution decreased both the yield
stress and the plastic viscosity of those suspensions.
On the other hand, the efflux of silica sand-based
grout and C-2 bentonite-based w/b = 0.5 is stopped
in the Marsh cone after several drops, even if they are
homogeneous mixtures. The flow time of bentonite-
based grouts is decreasing with rising w/b ratio due
to decreasing viscosity. The calculated plastic viscos-
ity results are proportional to the efflux time of all
admixtures and vary depending on the component
characteristics of grouts (e.g. grain size distribution of
components).

Currently, the thermal conductivity results of
only three home-made admixtures and two com-
mercial products are available. Even, the existing
results of home-made admixtures demonstrate that
5% addition of graphite has a significant impact
on the thermal conductivity of grout (e.g. A-1
without graphite = 1.5 W m−1 K−1, A-2 with natural
graphite = 2.3 W m−1 K−1).

In Figure 4, after a flat first part of the curve
(corresponding to the closure of the gap between the
loading piston and the sample), uniaxial compression
curves give a straight line that demonstrates the elastic
behavior of the grouts. Then, under high load, non-
linear curve shows plastic behavior. The compression
strength of each material is taken as the peak value of
each curve. When C-2 bentonite-based grouts reach
its elastic limit, then a sudden failure occur that is
the characteristic of brittle response. On the contrary,
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Table 2. Measured parameters for two commercial grouting materials and home-made admixtures.

Plastic Compression Thermal
Permeability Density viscosity§ Marsh cone† strength conductivity

Admixtures [m s−1] [kg m−3] × 103 [Pa s] [s/1725 mL] [N mm−2] [W m−1 K−1]

C-1 silica sand-based <1 × 10−9† /6 × 10−10* ∼1.8‡/∼ 1.8** – No flow 10‡/9.3**/3.8‡ 2.35‡/2.3**
C-2 bentonite-based <1 × 10−10†/4.3 × 10−12* ∼1.7** – No flow – –

w/b = 0.5
C-2 bentonite-based <1 × 10−10†/9 × 10−12* 1.66‡/∼1.66** ∼0.20 25 ± 1 8.5‡/5.2**/3.1‡ 0.95‡/0.7**
w/b = 0.6

C-2 bentonite-based <1 × 10−10†/8.1 × 10−11* 1.6‡/∼1.6** ∼0.13 17 ± 1 – –
w/b = 0.7

C-2 bentonite-based <1 × 10−10†/2.8 × 10−10* 1.55‡/∼1.54** ∼0.11 14 ± 1 – –
w/b = 0.8

A-1 without graphite 2.8 × 10−12* ∼1.75** ∼0.23 27 ± 1 8.2** 1.5**
A-2 with natural 4.4 × 10−12* ∼1.7** ∼0.6 72 ± 1 8** 2.3**

graphite
A-3 with sythetic 2.2 × 10−12* ∼1.75** ∼0.41 48 ± 1 10** 2.5**

graphite 150 µm
A-4 with sythetic 3.3 × 10−12* ∼1.75** ∼0.19 22 ± 1 9.8** –

graphite
150–600 µm

A-5 with expanded >1 × 10−3* ∼1.2** ∼0.36 61 ± 1 1.7** –
graphite

*Measured values after the curing period of 45 days (cured under water), **and ‡Values are the average of two samples and
measured values after the curing period of 30 days and 10 days, respectively (cured under 80% humidity at constant temperature
20◦C), ‡values provided by producers, §backward calculations based on efflux time, density and the properties of Marsh cone
geomerty (Roussel & Le Roy 2005), †radius of nozzle 5 mm, cone angle tan(α) = 0.253.

Figure 4. Comparison of the compression strength results
between all grouts. w/b ratio of bentonite-based grout is 0.6.
c – 1 presents the curing period of 10 days and c – 2 denotes
30 days. Soil type is dry sand (air – solid).

C-1 silica sand-based grout exhibits plastic harden-
ing behavior, when the stress exceeds its elastic limit.
After the peak point of the loaded stress, C-1 silica
sand-based grout fractured. The results of home-made
admixtures (A-1 to A-5) provide nearly identical elas-
tic behavior, except the admixture A-5. Obviously, the
density and the texture of expanded graphite have a
negative impact on the plastic behavior and ultimate
strength.

Concerning the curing period of samples (currently
only for commercial grouts), the samples performed

for the test after 10 days (c – 1) fractured under less
pressure than other samples cured for 30 days (c – 2).

5.2 Sandbox experiment results

Three different probes are prepared for the operations.
Two probes are made with the commercial grouts,
C-1 silica sand-based (λ= 2.3 W m−1 K−1) and C-2
bentonite-based (λ = 0.9 W m−1 K−1), to observe the
influence of grout thermal conductivity on the heat
transfer. In addition, the third probe is made with A-2
admixture containing natural graphite (λ = 2.3 W m−1

K−1) to compare with other two commercial grouts,
because based on thermo-hydro-mechanical labora-
tory analysis this admixture seems to be the most
efficient home-made grout regarding to the cost aspect
and the laboratory test results.

Figures 5 and 6 demonstrate the temperature dis-
tribution in the sandbox over distance and over time,
respectively for operated BHE probe prepared with
C-1 silica-sand based grouting material. The room
temperature during the test was in the range of 19.8◦C
to 21.6◦C. In both figures, the numerical simulation
results are nearly identical respect to the experimen-
tal measurements, and the root mean square errors
(RMSE) between numerical and experimental results
are 0.091 and 0.075, respectively. On the other hand,
the analytical solution result is slightly apart from
the experimental measurement (RMSE = 0.154 and
0.114, respectively). The reason is that we cannot
consider the boundary conditions (i.e. the influence
of room temperature) on the analytical solution as
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Figure 5. Comparison of experimental measurement with
numerical and analytical (Eq. 13) solution results at 50th
operation hour (x = 0 m, y = 0.0675 m − 0.5 m, z = 0.5 m)
for BHE probe prepared with C-1 silica sand based grouting.

Figure 6. Comparison of experimental measurement with
numerical and analytical (Eq. 13) solution results over time
(x = 0, y = 0.14 m, z = 0.5 m) for BHE probe prepared with
C-1 silica sand based grouting.

well as we did on the numerical model according to
the temperature measurements on the sandbox wall.
Therefore, a small discrepancy between analytical
solution and the experimental data is observed.

In Figure 6, the plateau view of the experimental
results can be accounted for the acquisition card con-
nected to the thermistors. This problem can be seen
also in Figures 8 and Figure 9.

Figures 7 and 8 show the comparison of temper-
ature results obtained with different grout materials.
In Figure 7, the influence of room temperature on the
sandbox wall can be seen, particularly, on the results of
C-2 andA-2. Similarly, we observe a contrariety in Fig-
ure 8 between the results. Regarding to the initial tem-
perature, the bentonite-based probe essentially cannot
affect the temperature difference in the sandbox more
than other two probes due to less thermal conductivity
of grout C-2. Actually, the slight difference between
three curves is mainly due to the ambient temperature
effect. The thermal properties of grouting materials

Figure 7. Comparison of experimental results at 50th opera-
tion time hour (x = 0.5 m, y = 0.0675 m − 0.5 m, z = 0.5 m).

Figure 8. Comparison of experimental results over time
(x = 0.5, y = 0.14m, z = 0.5 m).

does not have a predominant effect because of the poor
thermo-physical properties of the soil (e.g. bulk vol-
umetric heat capacity of soil = 1.3 × 106 J m−3 K−1,
thermal conductivity = 0.35 W m−1 K−1) in which the
main resistance for thermal transfer takes place. The
heat exchange is dominated by the soil thermal char-
acteristics rather than the thermal conductivity of
grout and the three grouting materials provides sim-
ilar performance in term of heat exchange rate, as
demonstrated in Figure 9.

In Figure 9, the specific heat exchange rate and the
borehole resistance are calculated from Eq. 9 and Eq. 2,
respectively (Chapter 4.2). As explained in the previ-
ous paragraph, the results demonstrate also that under
dry sand conditions the thermal conductivity of grout
has no important role on the specific heat exchange
rate due to low thermo-physical properties of soil. Con-
sidering the borehole resistances, the mean Rb value of
A-2 home-made admixture shown in Figure 9 is lower
than C-1 commercial grout. Since the thermal conduc-
tivity of grout is one of the major dependence of the
borehole resistance, the thermal conductivity of A-2
may be higher than C-1. However, according to the
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Figure 9. Comparison the performance of C-1 silica
sand-based and C-2 bentonite-based and A-2 home-made
grouting materials. Soil type is dry (air – solid) sand.

laboratory measurements of grouts, the thermal con-
ductivity of C-1 and A-2 grout materials is identical
(Table 2).

6 CONCLUSION

The grouting material used for BHEs must guaran-
tee several hydraulic, mechanical and thermo-physical
requirements.The present study provided a wide inves-
tigation on the various admixtures with laboratory tests
and comprehensive evaluation of the performance of
BHE probes based on different type of grout mate-
rials by the experimental, numerical and analytical
analyses.

Regarding to the laboratory test results, it is con-
clude that even a small amount of graphite addition
(5%) has a great influence on the thermal conductiv-
ity of grout. However, it is not feasable to use all kind
of graphite powders in an admixture used as a backfill
material of BHEs, because different specific charac-
teristics of graphite affect adversely the mechanichal
behaviors of grouts (e.g. low permeability and com-
pression strength). In fact, the home-made admixture
prepared with 5% natural flake graphite can be con-
sidered as an appropriate grouting material for BHEs
regarding to the laboratory results and the cost aspect.

Considering the sandbox experiments, if the
thermo-physical properties of ground is considerably
low (e.g. dry soil), the thermal conductivity of grout
has no significant impact on the specific heat exchange
rate. This has been demonstrated by both experimental
and analytical/numerical simulations.

As the further steps to determine the impact of
highly conductive heat transfer system on the per-
formance of BHE, the probes will be operated under
water-saturated sand condition (>2 W m−1 K−1).
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