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Abstract: The development of civilization, and subsequent increase in the number of new buildings,
poses engineering problems which are progressively more difficult to solve, especially in the field of
geotechnics and geoengineering. When designing new facilities, particular attention should be paid
to environmental aspects, and thus any new facility should be a passive building, fully self-sufficient
in energy. The use of load-bearing energy piles could be a solution. This article presents research on
the cement slurry formulas with the addition of graphite and graphene, that can be used as a material
for load-bearing piles. The proposed solution is to introduce U-tubes into the pile to exchange heat
with the rock mass (the so-called energy piles). A comparison of four slurry formulas is presented:
the first one consisting mainly of cement (CEM I), graphite, and water, and the remaining three with
different percentages of graphene relative to the weight of dry cement. The results could contribute
to the industrial application of those formulas in the future.

Keywords: energy piles; graphite; graphene; geoenergetics; geothermics; grout; cement grout

1. Introduction

In urban areas, there are often many locations with geotechnical properties excluding
them from construction. These can be, for example, old landfills, coastal regions, wetlands,
or heaps [1]. Such plots may become attractive to investors after strengthening the ground
with modern geoengineering methods, e.g., using piling and micropiling (Figure 1).

Power engineering is also an important developing and changing sector of the econ-
omy. It includes renewable energy sources, along with shallow geothermal energy, de-
scribed multiple times in the past [2–6]. Shallow geothermal energy is extracted by geother-
mal heat pumps with borehole heat exchangers. These types of installations enable one
to obtain low-temperature heat from the rock mass in winter, and in summer “collecting
cold” from the rock mass cooled in winter for air conditioning [7]. The air conditioning
process based on the rock mass simultaneously regenerates heat resources in the rock mass.
More frequent use of geothermal energy systems (Figure 2) is in line with the care for
the natural environment and the departure from conventional heat sources. Geothermal
solutions make it possible to provide buildings with domestic hot water, interior heating,
and air conditioning while reducing the emission of pollutants into the atmosphere. There
are many concepts of borehole heat exchangers described in the literature [8]. One of the
interesting ideas is the use of exploited wells [9], e.g., oil and gas, as deep borehole heat
exchangers [10,11].

Geothermal heat pumps (GHPs) or ground source heat pumps (GSHPs) are reversible.
In winter, low-temperature heat from the Borehole Heat Exchangers BHEs is supplied
to the evaporator, and the condenser feeds the heating system. The opposite occurs in
summer: the heat collected by the evaporator connected to the air conditioning system of
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the building is given off to the rock mass by the BHEs connected to the condenser. In such a
system, the rock mass acts as a buffer, storing both heat and cold. In summer, it is heated by
solar heat received from the building interior during air conditioning. In winter, the heated
rock mass transfers the heat to the heating system and cools down. The following summer,
the cooled rock mass is the source of cooling for the air conditioning. The heat from the
air conditioning therefore regenerates the heat resources obtained from the rock mass in
winter [12]. This way, more favorable operating parameters of the heat pump (coefficient
of performance, COP) are obtained. As a result, GSHPs have higher COPs than air source
heat pumps.
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Therefore, an interesting solution is to combine ground strengthening through piling,
together with the possibility of obtaining heat from the rock mass [14]. Energy piles
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are the technology that combine special foundations (foundation piles) and a system of
borehole heat exchangers. Such installations may turn out to be a very good solution in case
of unused areas characterized by unfavorable geotechnical conditions and have several
advantages resulting from the use of an environmentally friendly source of heat (heat/cold
storage). This technology is already successfully used in the world, i.e., to reduce the cost
of the independent construction of load-bearing piles and BHEs.

The indispensable factor for the possibility of using the above-mentioned technology
is the necessity to meet all strength requirements generated by the loads of the designed
structure. At the same time, it is advantageous to use cement slurry which has an increased
thermal conductivity after setting. This enables heat exchange between the heat carrier and
the rock mass with an increased heat flux (heating power [15]).

This article presents the research on the mechanical strength of hardened cement
slurries with the addition of graphite and graphene. The use of these additives causes an
increase in the thermal conductivity of the concrete. The compressive and bending strength
evaluation of hardened cement slurry samples with the addition of graphite and graphene
determines the suitability of such additives for use in energy piles.

2. Energy Piles

The term foundation should be understood as the lowest part of the structure in direct
contact with the ground, to which it safely transfers its own weight and all its loads [16].
A foundation (load-bearing) pile is an element of a special foundation, which is used to
transfer the external loads generated by the structure from weak layers of soil or water to
deeper formations with greater load-bearing capacity in order to secure the foundation of
the structure [17].

An energy pile is defined as a foundation pile containing in its structure a system
similar to that installed in a borehole heat exchanger [18]. The heat exchanger installed
inside the load-bearing pile is designed to exchange the heat of the rock mass through
the liquid circulating inside it (heat carrier). A circulating pump operation transports the
carrier to the GSHP located inside the facility. Heat exchanger tubes in BHEs are usually
made of polyethylene [9].

Year after year, an increasing number of buildings are constructed on pile foundations,
which are one of the latest methods of special foundation [9]. In the face of rising conven-
tional energy prices and the side effects associated with its production, the technology of
combining foundation piles with BHEs is increasingly used in highly developed countries.
When creating a borehole for a load-bearing pile and its reinforcement, it is possible to
run a certain number of U-tubes into the hole, which in the future can be used as a special
type of borehole heat exchanger [19]. Ideas for using a foundation to extract heat or cold
from a rock mass appeared in Switzerland in around 1990, in Austria in the 1980s [20,21],
and later in other European countries [22–27]. One of the first experiments took place in
Germany [20].

The right material for making load-bearing piles is an important issue [28]. Such
a material should be characterized by suitable strength values to meet the appropriate
conditions for a structure to be built on piles [29,30]. Details on the materials for energy
piles are extensively discussed in Sani et al. [31]. A pile can transfer loads both through
its base and through the side surface. The distribution of the generated forces over these
two pile surfaces depends mainly on its length and diameter, as well as the thickness and
properties of geological layers intersected by the load-bearing pile [17]. When merging the
foundation pile with the heat exchanger in the form of U-tubes, in addition to the strength
properties, attention should be paid to the properties related to heat conduction. In order to
maximize the efficiency of borehole heat exchangers, special slurries are used to tightly fill
the space between the pipes and the rock wall [32]. Such slurries should be characterized
by the highest possible heat conductivity [33], since the hardened slurry is an intermediary
in the heat flow from the rocks to the heat carrier circulating in the exchanger tubes or in
the opposite direction [34].
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The installation’s operating principle consists of the consumption of thermal energy
from the ground and is relatively simple in the case of deep foundation technology. This
system is analogous to the commonly applied method using GSHP with a low-temperature
source in the form of a rock mass with BHEs [35]. The difference is in a much smaller depth
in the ground, resulting in an efficiency reduction of a single exchanger [36].

In order to prevent cumulative energy losses, a large number of U-tubes are often
made in the load-bearing pile. The lack of additional costs, apart from the necessity to equip
piles with heat exchangers located on a steel skeleton, speaks in favor of the widespread
use of this solution. The purposefulness of using the described technology is especially
visible in buildings with large dimensions, requiring a solid foundation [37]. In addition,
the energy piles system, apart from being used for heating purposes, can also work in
reverse, supplying cold in summer. This can also be performed in a passive mode, i.e.,
without the use of a heat pump [38]. Such a solution is technically simple, additionally
stimulating the energy and economic efficiency of the entire system. Aspects affecting the
correct operation of energy piles (in terms of energy) and the efficiency of the system are,
for example, the number of peak load hours per year, or the speed of groundwater flow.

The execution of energy piles is directly related to the creation of load-bearing (foun-
dation) piles due to some of the same functions they perform. For the implementation of
investments based on energy piles, most commonly, piles are made in the boreholes created
using the auger drilling method. Planned boreholes are made with the use of drill columns
or poles (Figure 1). Depending on the conditions of a given project, the appropriate type of
drill bit is selected. This method is characterized by not requiring drilling fluid (mud), so
the holes are drilled dry. This is possible because the energy piles reach relatively shallow
depths, where the rocks are loose. Lightweight mobile drilling rigs are usually used for
creating boreholes using this method [18]. In Poland, pile boreholes are most often made
with the use of CFA (continuous flight auger) technology, without piping. The drilling and
cementing process takes place in two separate phases occurring directly one after another.

The most common design of the heat exchanger tubes in the energy pile is the U-tube
installation [34]. However, there is the possibility to find innovative energy pile structures.
One of them is a new concept of energy piles that uses phase change materials (PCM) in
the form of enclosed tube containers [39]. What is new is a heat exchanger configuration,
known as a deeply penetrating U-tube configuration, for energy piles. In this case, the
heat exchange tube is embedded and attached to a reinforcement cage, with the tube being
arranged in a U-shape and its bottom penetrating through the bottom of the pile and
sticking deeply into the soil below the pile [40]. Information about double U-tubes, triple
U-tubes and multi U-tubes installed in a steel pile foundation can be also found [41,42].
Additionally, in the literature there is information about spiral pipe configuration [43–46]
or cone helix energy pile [47]. The heat transfer process of the buried spiral coils in piles is
described, among others, by Cui [46]. In the mentioned source, a model of a transient heat
source with a ring and a coil was described, and unambiguous analytical solutions in the
field of temperature reaction were derived using the theory of Green’s function and the
imaging method [46]. A new algorithm for spiral coil energy piles was also proposed by
Go et al. [48]. It takes into consideration the influence of groundwater advection. Based
on the results, after verifying the accuracy of the model, it can be concluded that the
groundwater advection mitigates thermal interference between piles, as well as the long-
term thermal resistance of the soil, which have an impact on the economical design of
energy piles [48]. Spiral-shaped or helical tube heat exchangers have also been studied
and both can be implemented in energy piles. According to the research on thermal
performance of precast high-strength concrete energy piles containing W-ype (one spiral
single U-pipe) and coil-type (helical) BHEs using numerical and experimental methods,
Yoon et al. [49] observed that coil-type GHEs exhibit higher heat exchanging efficiency
but poorer economic performance compared with the W-type BHE in the energy pile.
Furthermore, Zarrella et al. [42] have shown that the helical pipes provide better thermal
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performance than the 3-U tube energy piles. Additionally, the pitch between the turns of
the helix influences the peak load [50].

The required diameter of the energy pile containing the heat exchanger tubes is
in the range from 0.4 m to 1 m, though larger sizes are created as well [51]. The most
common structures of reinforcement equipped with a system of heat exchanger pipes
include elements in the form of a reinforcement cage (Figures 3–5). In Krakow (Poland),
steel profiles in the shape of an I-beam were used as a support structure for the exchanger
tubes with a welded circular element (Figure 6), which ensured the minimum bend radius
of the plastic pipes.
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Figure 6. Execution of the energy piles in Krakow (the building of the National Archives), (a) reinforcement of the energy
pile with an I-beam with a welded circular element, (b) execution of the energy pile.

Figure 7 shows the constructed load-bearing energy piles for the building of the
National Archives in Krakow. On the right, photos from the thermal imaging camera are
presented, showing the thermal influence of the rock mass below the bearing plate. The
heat conducted from the rock mass through the steel supporting structure for the heat
exchanger tubes is manifested by an increased temperature relative to the surroundings.
Figure 8 shows a close-up of the installed energy pile pipes. A temperature difference of
several degrees Celsius is visible.



Energies 2021, 14, 1190 7 of 20

Energies 2020, 13, x FOR PEER REVIEW 7 of 20 

 

  
(a) (b) 

Figure 7. (a) A photo of the energy piles layout for the building of the National Archives in Krakow, and (b) a photo 
with a thermal imaging camera. 

  
(a) (b) 

Figure 8. (a) and (b) examples of individual energy piles at the construction site of the National Archives in Krakow (a 
thermal image). 

A single pile can deliver from 25 to 50 Wm−1 depending on its size, construction de-
tails, surrounding soil layers, and the system in which it operates [22,56]. The develop-
ment of renewable energy sources, including energy piles, is in a way enforced by Euro-
pean law, because according to Directive 2010/31/EU of the European Parliament and of 
the Council of 19 May 2010, each new structure should be a nearly zero-energy building 
(from the end of 2020). New buildings occupied and owned by public authorities must be 
nearly zero-energy buildings [57,58]. Hence, the laboratory tests are carried out on the 
materials from which energy piles can be made and their thermal and mechanical prop-
erties [29], and numerous computer simulations are conducted to create appropriate com-
putational models for forecasting the operation of piles and their design [58,59–63]. There 
are also frequent combinations of these two types of research, i.e., experimental research 
and computer analyses and simulations [64,65]. Numerous studies on computer simula-
tions also take place in the field of typical borehole heat exchangers [66–69]. These anal-
yses are often interrelated [70]. It is also recommended to perform the thermal response 
test (TRT) on the existing energy pile [71]. Currently, TRTs are commonly performed on 
borehole heat exchangers [1,72–75]. The TRT is a method of assessing the actual thermal 
properties of a rock mass in-situ [9,19,76]. The essence of the method is to measure the 
temperature changes of the heat carrier during its circulation in a closed cycle with the 
supply or thermal energy collection with constant heating power. In the case of a surface 
system, it must be ensured that the temperature measurements are not affected by the 
weather conditions. Much research has been conducted on the subject of thermal 

Figure 7. (a) A photo of the energy piles layout for the building of the National Archives in Krakow, and (b) a photo with a
thermal imaging camera.

Energies 2020, 13, x FOR PEER REVIEW 7 of 20 

 

  
(a) (b) 

Figure 7. (a) A photo of the energy piles layout for the building of the National Archives in Krakow, and (b) a photo 
with a thermal imaging camera. 

  
(a) (b) 

Figure 8. (a) and (b) examples of individual energy piles at the construction site of the National Archives in Krakow (a 
thermal image). 

A single pile can deliver from 25 to 50 Wm−1 depending on its size, construction de-
tails, surrounding soil layers, and the system in which it operates [22,56]. The develop-
ment of renewable energy sources, including energy piles, is in a way enforced by Euro-
pean law, because according to Directive 2010/31/EU of the European Parliament and of 
the Council of 19 May 2010, each new structure should be a nearly zero-energy building 
(from the end of 2020). New buildings occupied and owned by public authorities must be 
nearly zero-energy buildings [57,58]. Hence, the laboratory tests are carried out on the 
materials from which energy piles can be made and their thermal and mechanical prop-
erties [29], and numerous computer simulations are conducted to create appropriate com-
putational models for forecasting the operation of piles and their design [58,59–63]. There 
are also frequent combinations of these two types of research, i.e., experimental research 
and computer analyses and simulations [64,65]. Numerous studies on computer simula-
tions also take place in the field of typical borehole heat exchangers [66–69]. These anal-
yses are often interrelated [70]. It is also recommended to perform the thermal response 
test (TRT) on the existing energy pile [71]. Currently, TRTs are commonly performed on 
borehole heat exchangers [1,72–75]. The TRT is a method of assessing the actual thermal 
properties of a rock mass in-situ [9,19,76]. The essence of the method is to measure the 
temperature changes of the heat carrier during its circulation in a closed cycle with the 
supply or thermal energy collection with constant heating power. In the case of a surface 
system, it must be ensured that the temperature measurements are not affected by the 
weather conditions. Much research has been conducted on the subject of thermal 

Figure 8. (a) and (b) examples of individual energy piles at the construction site of the National Archives in Krakow
(a thermal image).

A single pile can deliver from 25 to 50 Wm−1 depending on its size, construction de-
tails, surrounding soil layers, and the system in which it operates [22,56]. The development
of renewable energy sources, including energy piles, is in a way enforced by European
law, because according to Directive 2010/31/EU of the European Parliament and of the
Council of 19 May 2010, each new structure should be a nearly zero-energy building (from
the end of 2020). New buildings occupied and owned by public authorities must be nearly
zero-energy buildings [57,58]. Hence, the laboratory tests are carried out on the materials
from which energy piles can be made and their thermal and mechanical properties [29],
and numerous computer simulations are conducted to create appropriate computational
models for forecasting the operation of piles and their design [58–63]. There are also fre-
quent combinations of these two types of research, i.e., experimental research and computer
analyses and simulations [64,65]. Numerous studies on computer simulations also take
place in the field of typical borehole heat exchangers [66–69]. These analyses are often
interrelated [70]. It is also recommended to perform the thermal response test (TRT) on the
existing energy pile [71]. Currently, TRTs are commonly performed on borehole heat ex-
changers [1,72–75]. The TRT is a method of assessing the actual thermal properties of a rock
mass in-situ [9,19,76]. The essence of the method is to measure the temperature changes of
the heat carrier during its circulation in a closed cycle with the supply or thermal energy
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collection with constant heating power. In the case of a surface system, it must be ensured
that the temperature measurements are not affected by the weather conditions. Much
research has been conducted on the subject of thermal properties of energy piles [77–80].
Often, these data are also obtained using the thermal response test. However, the method
of approach to research and their interpretation is generally different than in case of the
classic TRT test performed on the borehole heat exchanger. Data from the TRT are often
used to calibrate numerical models [60]. The possibility of using the TRT technique for
large diameter energy piles was examined by Jensen-Page et al. [77]. Analytical models
were tested against both the field data and further numerically generated synthetic TRT
data. They concluded that it is necessary to consider the borehole length test and laboratory
assessment of the thermal properties of concrete, both of which may add uncertainty to
the results obtained. There are also other works on similar topics [79,81]. Franco et al. [79]
have described the numerical sensitivity analysis of TRT in energy piles. They presented
simulations taking into account different pile geometries and material properties, as well
as estimation of errors introduced by a line heat source model to analyze the TRT results.
Unfortunately, to evaluate the ground thermal response to their presence it is not possible
to use classical analytical solutions due to their low aspect ratio and to the relevant effect
of the heat capacity of the inner cylindrical volume as proven by Fossa et al [81]. Their
work proposes a semi-analytical method of modeling ground heat exchangers with high
flexibility in terms of their shape. This method is named multiple point sources (MPS) and
involves the spatial superposition of an analytical solution for a single point source.

3. Preparation and Conduct of Research

To prepare the assumed cement recipes, CEM I 42.5R Portland cement was used. It is
characterized by high early strength, high strength after 28 days, as well as a rapid increase
in strength. This cement has stable quality parameters and low shrinkage [82].

The first of the additives used was graphite [83]. Its use in the right amount assumed
the effect of increasing the thermal conductivity while improving the mechanical parame-
ters. Flake graphite was used, which is a type of natural graphite. It has a metallic sheen
and a highly ordered crystal structure [7]. The second additive in the formulas developed
was graphene. Due to the variety of graphene products available on the market, the re-
search focused on the addition of graphene in the form of a nanopowder with an average
flake size of 12 nm.

Based on the past strength tests of samples (described in our previous article [7]). with
the addition of graphite, the highest value was found for samples with 20% by the weight
of cement (BWOC) addition of graphite at the water–cement ratio w/c = 1.0. The recipe
had a positive effect on the thermal conductivity of the hardened cement slurry [7]. On this
basis, it was decided to add a variable percentage of graphene admixture in the form of a
nanopowder to the composition. The mere addition of graphene did not allow to obtain
recipes with rheological, flow, and filtration parameters within the applicability limits.
Hence, it was decided to use an agent: PSP-042 slurry liquefier. The final composition of
the recipes is presented in Table 1.

Table 1. The formulas of the individual cement slurries.

w/c = 1.0

Sample Name A B C D

Graphene percentage % 0 0.05 0.1 0.15
Water g 1500 1500 1500 1500

Solid ingre-
dients

Graphene g 0 0.75 1.5 2.25
Graphite g 300 300 300 300
Cement g 1500 1500 1500 1500
PSP-042 g 6 6 6 6

Sum g 1806 1806.75 1807.5 1808.25
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The samples were prepared in beam-shaped molds (Figures 9 and 10) with dimensions
of 40 × 40 × 160 mm. After setting, the samples were removed from the molds, properly
labeled and placed in a water bath at approximately 20◦C for 28 days.
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Figure 10. An example of a standard beam subjected to strength testing.

The bending and compressive strengths were measured using the Servo-Plus Evo-
lution E183 hydraulic press (Figure 11). The press used in the research includes two
measuring chambers equipped with separate pistons, with two independent measuring
ranges. In principle, this device is used to measure the bending and compression strength
of standard-sized beams. It enables the change of parameters in relation to the dimensions
of the tested sample, so that the calculated value of the strength is as real as possible. It is
related to frequent shrinkage or swelling of the hardening grout in the mold during the



Energies 2021, 14, 1190 10 of 20

setting process. The measurement result displayed on the electronic panel of the device
with a three-decimal place accuracy may contain a slight error (±0.5%). Scientific and
technical research used to adopt the significance level as α = 5%, therefore Figure 12 shows
the errors in strength measurements with such a risk of deviation. The value of the force
with which the piston pressed on the sample at the moment of its breakage is registered
by the device. Then, taking into account the exact dimensions of the tested beam and the
surface on which the piston acted, the device records the stress values that occurred during
fracture or compression.
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The samples described above were prepared in accordance with PN-EN ISO 10426-2
“Cements and materials for well cementing, Part 2: Testing of well cements”, PN-85-G-
02320 “Cements and cement pastes for cementing of boreholes”, PN-EN 196-1: 2016-07,
and API SPEC 10A [84–86].

Moreover, the thermal conductivity of the prepared samples was tested. After the
fresh sealing slurry had been properly prepared, it was also poured into specially prepared
ring-shaped molds, about 1.2 cm high and 5 cm in diameter. The round samples after
setting and taking out from the molds are shown in Figure 13. The FOX 50 device was used
for the thermal conductivity tests (Figure 14). The FOX 50 device is designed to test the
thermal conductivity of materials in the range of 0.1 WK−1m−1 to 10 WK−1m−1, equipped
with a set of two round plates covered from the outside with a cylinder with an insulation
layer. The upper plate is stationary and the lower one can move up and down by pneumatic
mechanism. A digital thickness readout sensor monitors the position of the lower plate.
Once the lower plate is moved down, a sample can be placed between the two plates.
Each time the stack is closed, the average thickness of the sample is determined within
+/−0.025 mm resolution. The thermocouples provide accurate readings of the both plates
temperatures. Each plate has a powerful, and independently controlled thermoelectric
(Peltier) element. The general principle of the FOX 50 heat flow meter instruments is based
on the one-dimensional equation for Fourier–Biot law (1) [87]:

q = −λ

(
dt
dx

)
(1)
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where:

q: heat flux flowing through the sample, Wm−2,
λ: thermal conductivity of the sample, Wm−1K−1,
dt/dx: temperature gradient on the isotherm flat surface in the sample, Km−1.
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4. Research Results and Analysis

Tables 2–5 present the test results of the hardened sealing slurries. The effect of the
graphene addition on the strength is shown in Figure 12.

The compressive strength is the highest stress that the test sample can withstand
during the compression process. The bending strength is the greatest resistance that the
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sample exerts to external forces, causing bending until it breaks. During the bending
strength test, the sample cracks in half. Hence, the compressive strength test can be
performed on the two halves of the sample. Therefore, two results of the same sample are
obtained. The final result for the compressive strength was given as the arithmetic mean of
all measurements of a given type of sample. The data on the mechanical strength of the
tested samples were obtained after independent calculations made by the press [88]. They
are based on the Equation (2):

σ =
F
A

(2)

where:

σ: bending/compressive strength of the sample, MPa,
F: the smallest force exerted by the piston on the sample surface causing bending/compress
ion, kN,
A: cross-sectional area, on which the piston acts during bending/compression of the
sample (for bending, the strength value is calculated for the cross-sectional area A, and for
compression, two strength values are calculated for the pressure plate area (compression
surface) equal to 1600 mm2), mm2.

Table 2. Strength test results of the hardened sealing slurries: sample A.

Sample A

w/c 1.0 1.0 1.0
cement, g 1500 1500 1500
water, g 1500 1500 1500

graphite, g 300 300 300
graphene 12 nm, g 0 0 0

PSP-042, g 6 6 6
sample dimensions, cm 4 × 3.96 × 16 4 × 4.00 × 16 4 × 4.00 × 16

cross-sectional area of the crushed sample, A, mm2 422.4 426.7 426.7
minimum bending force, Fz, kN 1.16 1.116 0.987

flexural strength, σz, MPa 2.753 2.615 2.312
minimum compressive force of the 1st half, Fs1, kN 11.007 10.564 7.771
minimum compressive force of the 2nd half, Fs2, kN 10.656 8.942 7.393
compressive strength of the 1st half (A1), σs1, MPa 6.949 6.603 4.857
compressive strength of the 2nd half (A2), σs2, MPa 6.727 5.589 4.621

average bending strength, avr. σz, MPa 2.560
standard deviation for bending strength, MPa 0.184

average compressive strength, avr. σs, MPa 5.891
standard deviation for the compressive strength, MPa 0.922

Table 3. Strength test results of the hardened sealing slurries: sample B.

Sample B

w/c 1.0 1.0 1.0
cement, g 1500 1500 1500
water, g 1500 1500 1500

graphite, g 300 300 300
graphene 12 nm, g 0.75 0.75 0.75

PSP-042, g 6 6 6
sample dimensions, cm 4 × 3.9 × 16 4 × 3.96 × 16 4 × 4.04 × 16

cross-sectional area of the crushed sample, A, mm2 416.0 422.4 430.9
minimum bending force, Fz, kN 1.119 1.100 1.042

flexural strength, σz, MPa 2.689 2.605 2.419
minimum compressive force of the 1st half, Fs1, kN 9.486 9.043 9.283
minimum compressive force of the 2nd half, Fs2, kN 8.499 9.292 8.462
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Table 3. Cont.

Sample B

compressive strength of the 1st half (A1), σs1, MPa 6.081 5.709 5.744
compressive strength of the 2nd half (A2), σs2, MPa 5.448 5.866 5.237

average bending strength, avr. σz, MPa 2.571
standard deviation for bending strength, MPa 0.113

average compressive strength, avr. σs, MPa 5.681
standard deviation for the compressive strength, MPa 0.274

Table 4. Strength test results of the hardened sealing slurries: sample C.

Sample C

w/c 1.0 1.0 1.0
cement, g 1500 1500 1500
water, g 1500 1500 1500

graphite, g 300 300 300
graphene 12 nm, g 1.5 1.5 1.5

PSP-042, g 6 6 6
sample dimensions, cm 4 × 3.92 × 16 4 × 3.86 × 16 4 × 3.97 × 16

cross-sectional area of the crushed sample, A, mm2 418.1 411.7 423.5
minimum bending force, Fz, kN 1.544 1.223 1.697

flexural strength, σz, MPa 3.692 2.971 4.008
minimum compressive force of the 1st half, Fs1, kN 15.127 14.076 14.657
minimum compressive force of the 2nd half, Fs2, kN 15.726 13.92 15.183
compressive strength of the 1st half (A1), σs1, MPa 9.647 9.117 9.230
compressive strength of the 2nd half (A2), σs2, MPa 10.03 9.015 9.561

average bending strength, avr. σz, MPa 3.557
standard deviation for bending strength, MPa 0.434

average compressive strength, avr. σs, MPa 9.433
standard deviation for the compressive strength, MPa 0.350

Table 5. Strength test results of the hardened sealing slurries: sample D.

Sample D

w/c 1.0 1.0 1.0
cement, g 1500 1500 1500
water, g 1500 1500 1500

graphite, g 300 300 300
graphene 12 nm, g 2.25 2.25 2.25

PSP-042, g 6 6 6
sample dimensions, cm 4 × 3.77 × 16 4 × 3.76 × 16 4 × 3.82 × 16

cross-sectional area of the crushed sample, A, mm2 402.1 401.1 407.5
minimum bending force, Fz, kN 1.202 1.071 0.884

flexural strength, σz, MPa 2.989 2.671 2.170
minimum compressive force of the 1st half, Fs1, kN 10.306 10.011 8.886
minimum compressive force of the 2nd half, Fs2, kN 9.937 9.624 8.868
compressive strength of the 1st half (A1), σs1, MPa 6.834 6.656 5.816
compressive strength of the 2nd half (A2), σs2, MPa 6.59 6.399 5.804

average bending strength, avr. σz, MPa 2.610
standard deviation for bending strength, MPa 0.337

average compressive strength, avr. σs, MPa 6.350
standard deviation for the compressive strength, MPa 0.402

In the absence of graphene addition (formula A), the strength of the samples was
2.560 MPa for bending and 5.891 MPa for compression. Formulas B and D showed slight
changes in these values and were, respectively, 2.571 MPa and 2.610 MPa for bending, and
5.681 MPa and 6.350 MPa for compression. Formula C, in which the addition of graphene
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was 0.1%, stands out in comparison to the previous two. Independently conducted re-
search [89] confirms the thesis of strength increase with the 0.1% addition of graphene in
relation to the zero sample (formula A) after 28 days.

The graph clearly shows the peak bending strength of 3.557 MPa and the compressive
strength of 9.433 MPa. The obtained values for formula C relatively represent an increase of
about 39% and 60% in relation to the zero samples. To show the level of linear dependence
between the variables, the graph (Figure 12) contains the trend lines with the corresponding
linear regression equation. A visible increase in bending and compressive strength with
0.1% graphene content can be noticed. This slurry can be considered the most advantageous
in terms of the mechanical properties of the load-bearing piles.

In the future, the use of graphene structures larger than nanopowder will presumably
increase the mechanical strength of load-bearing piles and reduce their thermal resis-
tance [1].

Thermal conductivity is a physical property of the body that describes the ability of a
substance to transmit internal energy. Tests for its values were carried out on the FOX 50
device. The measurement results are presented in Table 6. The relationship between the
thermal conductivity and the graphene percentage is shown in Figure 15.

Table 6. Thermal conductivity test results of the hardened sealing slurries: all samples.

w/c = 1.0

Sample Name A B C D

w/c 1.0 1.0 1.0 1.0
cement g 1500 1500 1500 1500
water g 1500 1500 1500 1500

graphite, g 300 300 300 300
graphene 12 nm g 0 0.75 1.5 2.25

PSP-042 g 6 6 6 6
thermal conductivity

measurements:
no. 1 WK−1m−1 0.6458 0.6952 0.7219 0.7314
no. 2 WK−1m−1 0.6566 0.6976 0.7056 0.7412
no. 3 WK−1m−1 0.6638 0.6862 0.7158 0.7292
no. 4 WK−1m−1 0.6517 0.7099 0.7216 0.7195
no. 5 WK−1m−1 0.6592 0.7198 0.7159 0.7300
no. 6 WK−1m−1 0.6700 0.6899 0.7062 0.7241
no. 7 WK−1m−1 0.6589 0.6903 0.7099 0.7368
no. 8 WK−1m−1 0.6432 0.6952 0.7004 0.7227
no. 9 WK−1m−1 0.6602 0.6999 0.7159 0.7285
no. 10 WK−1m−1 0.6521 0.6870 0.7158 0.7359

average thermal
conductivity WK−1m−1 0.6562 0.6971 0.7129 0.7299

standard deviation thermal
conductivity WK−1m−1 0.0077 0.0101 0.0067 0.0064

In all cases, the change in the value of thermal conductivity of the tested recipes was
compared with the base sample, i.e., recipe A. Recipe B shows an increase in thermal
conductivity of the tested sample by 6.23% compared to the base sample. In the case of
recipe C there was an increase by 8.64%, while the samples of the recipe D by 11.23%. The
thermal conductivity value increased with the enhancement of graphene content in the
sample. Research is currently underway on increasing the content of graphene in recipes.
Based on the conducted research, it is concluded that the most promising recipe is the C
formula, because it provides the highest value of strength, i.e., the critical parameter of
special foundation which determines safety. Additionally, it significantly increases the
thermal conductivity. Other thermal parameters of sealing slurries, such as specific heat
capacity and thermal diffusivity, will be determined in further studies. In addition, in the
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future, after the execution of energy piles with the innovative slurry formulas described in
this article, it is planned to conduct a thermal response test.
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Information on graphene prices was obtained from the received company offers. A
simplified economic analysis of the prices of sealing slurries recipes is presented below. It
was made based on the average data from the received offers. The assumed exchange rate
of 1 EUR was 4.50 PLN. In Poland, the average price of one ton of CEM I 42.5R Portland
cement was about EUR 132 per Mg. The graphite used in the research cost EUR 1.4 per
kilo and the price of graphene was EUR 965 per 100 grams. The analysis did not include
the cost of PSP-042 due to the lack of data on current market prices. The cost of producing
the mixture per one ton of cement used is as follows: recipe A: EUR 412, recipe B: EUR
5237, recipe C: EUR 10,060, recipe D: EUR 14,880. The current high price of graphene is the
limitation of the described formula’s application.

5. Conclusions

The use of low-temperature geothermal energy in the world is still not very popular
despite its potential. However, an increasing amount of research is leading to an increase in
the performance of such systems. The result is the cost reduction of their implementation
and operation. Ultimately, geothermal or air heat pumps should be used in heating, pow-
ered by electricity generated from other renewable sources. The scale effect will positively
affect many investments of this type. Thermopiles are not limited by geographic location,
climate, and the need for additional space, so they can be used practically anywhere. The
operation of the system based on energy piles reduces the problem of negative impact and
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pollution of the environment, due to the closed circulation of the heat carrier preventing
contamination of groundwater and low noise emission from the compressor GHP. Based
on the results of research and their interpretation, the following conclusions were drawn:

1. Among the slurries tested on a hydraulic press after 28 days, the formula with the
0.1% graphene addition (formula C) turned out to be the one with definitely the best
values of bending and compression strength;

2. based on the research, it can be concluded that the cement slurry with the 0.1%
graphene addition may be used in future field applications during deep foundation
works intending to draw energy from the rock mass. Currently, primarily the high
price of graphene materials limits the implementation of such a solution to general
use. The use of larger than nanopowder graphene structures will presumably have a
positive effect on the mechanical strength increase in the piles and the reduction of
their thermal resistance;

3. with the growth of graphene content in the sample, the value of thermal conductivity
increases; the highest value of thermal conductivity was observed for sample D;

4. despite the highest thermal conductivity value of formula D, it can be concluded that
formula C has the best chance of being used in energy piles.
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dowe Targi Geologiczne GEO-EKO-TECH. 8–9 May 2013. Available online: https://www.pgi.gov.pl/docman-tree/wydarzenia/
targi/1765-geologia-2013-termopale/file.html (accessed on 22 February 2021). (In Polish)

55. Skanska. Available online: www.skanska.co.uk (accessed on 15 January 2019).
56. Bourne-Webb, P. Observed Response of Energy Geostructures. In Energy Geostructures Innovation in Underground Engineering;

Laloui, L., Di Donna, A., Eds.; Wiley: London, UK, 2013; pp. 45–67.
57. Dyrektywa Parlamentu Europejskiego i Rady 2010/31/UE z dnia 19 maja 2010 roku w sprawie charakterystyki energetycznej
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83. Sapińska-Śliwa, A.; Sliwa, T.; Wiśniowski, R. Grafit i diatomit jako dodatki do zaczynów uszczelniających otwory w geotermii
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