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Abstract: Research on the utilization of the Earth’s heat focuses mainly on effective sourcing of
energy accumulated in rock mass. One of the most important parameters is thermal conductivity,
which can be modified using various compositions of cement grouts. Hardened cement slurry is
intended to improve thermal conductivity. It should function as a sort of extension of the rock
mass to the outer diameter of heat exchanger tubes. Regardless of the thermal conductivity of the
rock, high conductivity of the grout increases the energy efficiency of the BHE. Heat accumulated
in the rock mass can be extracted using borehole heat exchangers (BHE), in which high thermal
conductivity of cement slurry is wanted over the entire length of the exchanger. Generally, in case of
deep borehole heat exchangers (DBHE), it is recommended to use two types of cement slurry, one with
reduced thermal conductivity in the upper part of the exchanger and grout with increased thermal

check for conductivity in its lower part. When cementing geothermal wells, cement grout with decreased
updates thermal conductivity along the entire length of the borehole is most commonly used. Geothermal
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Ordinance of the Minister of Environment dated 9 December 2014 regarding the waste catalogue, they
were classified as waste. The materials, named basalt dust A and basalt dust B, were used to create

cement slurries with a water-cement ratio of 0.5-0.7 with a wide range of percentage concentration of
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basalt dust. The test results show that as concentrations in the slurry increase, the values of thermal

Michele Dassisti

Received: 15 July 2022
Accepted: 21 September 2022

conductivity and strength decrease. This correlation occurred for both tested additives.
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published maps and institutional affil- 1. Introduction
There is an increasing amount of research focusing on the most efficient use of energy
stored in the rock mass. For now, Earth’s heat is extracted by means of three basic types of
boreholes: boreholes heat exchangers (BHE), deep borehole heat exchangers (DBHE), and
geothermal wells. There is no specified depth boundary which determines when we can
assign a borehole as BHE or DBHE, according to its length. Some authors determine that
borehole heat exchangers have depth up to 500 m [1]. Based on the available geothermal
resources and on the requested energy needs for heating and cooling buildings, BHESs can
usually reach 200 m in depth [2]. For the purpose of this article, we assumed that a borehole
heat exchanger has depth up to 200 m, as it reflects commonly installed lengths of BHE in
Poland. When drilling BHEs, DBHEs and geothermal wells, it is important to use cement
grout suitable for a given type of borehole. In BHEs, it is recommended to use cement
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grout with increased thermal conductivity over the entire length of the exchanger [3-5].
However, in case of DBHEs two types of cement slurry should be used: one that reduces
thermal conductivity near the surface to reduce the escape of heat into the ground and one
that increases thermal conductivity in deeper areas to maximize heat collection from the
Earth. In a DBHE, it may be that the temperature of the heat carrier entering the exchanger
from the surface will be higher than the temperature of the rock mass; then, this carrier in
the upper part of the DBHE will cool down. This is not advantageous; therefore insulation
of the upper part of the DBHE should be used. One of the possibilities is to use grout
with reduced thermal conductivity. At the later stage of circulation (flow of the carrier in
the annular space of the DBHE towards the bottom), the temperature of the upper body
increases, which causes a change in the direction of the heat flow. This phenomenon is then
beneficial and should be intensified by increasing the thermal conductivity of the cement
slurry. Geothermal wells should be cemented with low thermal conductivity grout along
the entire length in order to minimize heat losses as much as possible [6,7]. In Poland, heat
losses are significant due to a considerable depth of wells, most of which substantially
exceed 1500 m. For example, a large geothermal installation located in Podhale (southern
Poland), has several geothermal wells cemented with traditional cement used in oil wells.
One of the boreholes has a capacity of 550 m>/h. If cement slurry with reduced thermal
conductivity were used for this borehole, an increase of 4-5 °C in outflow temperature
would be achieved, and thus an annual energy gain would be obtained. It would increase
from 2.49 to 3.11 MW. Similar calculations are also submitted in the literature [8].

Research on thermal conductivity of cement grouts used for borehole heat exchangers
has been performed by many scientists. Most frequently checked and described are ad-
ditives which increase the thermal conductivity of grout. Currently tested additives that
increase thermal conductivity include:

Expanded natural graphite (ENG) [9,10];

Graphene nanoplatelets (GNPs) [11];

Randomly distributed graphite nanosheets (R-GNs) and oriented graphite nanosheets
(O-GNs) [12];

Graphite [13-15];

Magnesium flakes [16];

Reduced graphene oxide [17];

Graphene [18,19].

Research has also been conducted on reducing the thermal conductivity of cement
slurries. However, this has not been on such scale as in the case of additives increasing
thermal conductivity. The following additives were examined:

e  Hydroxyethylcellulose [20];
e  Magnetite powder [21];
e  Dolomite drill cuttings [22].

Nowadays, due to increased popularity of heat pumps in Europe, e.g., in Poland,
research on increasing or decreasing heat conductivity value of cement grouts seems
to be important. In September 2021 in Poland, 15 new concessions for exploration and
recognition of geothermal waters and development of hydrogeological documentation
were granted. Considering an average depth of geothermal well which ranges from 1.5 to
3 km, thermal energy losses can be significant without the use of properly selected grout.
Energy losses affect directly installation operational costs. Therefore, it is important to find
and do research on the materials that reduce boreholes’ thermal conductivity. They will
increase their energy efficiency of extracting heat from water.

Waste utilization will reduce the world’s waste accumulation. One of the solutions is
to use it as an additive to sealing grouts. That is why research to check their applicability is
important. For the purposes of this article, two of these kinds of materials were examined.
They were examined for their effects on the thermal conductivity and strength of cement
slurries. This is one of the first, if not the first study of this kind conducted on basalt
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dust. Basalt dust can be safely applied to soils. Crushed basalt rocks such as basalt flour
are used, e.g., as a fertilizer for flowers, shrubs, trees, vegetables and fruits. Given that
a waste producer has to pay for its disposal, it is highly probable that the waste will be
available for free. Basalt in Poland occurs mainly in Lower Silesia and a small part in the
Opole voivodeship [23]. Their location in both voivodships is shown below in Figure 1 [24].
Figure 1 reproduced permission from Ref. [25]. Basalts used for this research come from
two different open-pit mines located in Lower Silesia. This area is located across several
geological formations: the Pre-Sudetic Block, the southwestern fragment of the Pre-Sudetic
Monocline and the Sudetic Block, excluding a part of the Eastern Sudetes. They were
formed as a result of Cenozoic block movements [26]. Basalt extracted from these mines is
used to produce asphalt. Larger fractions are used as asphalt ballast, while small fractions
are utilized as one of the components of the mix used for bituminous pavement. It is
added to asphalt mixture due to its high toughness [27]. Since the products tested here
were covered by trade secrets, they were named basalt dust A and basalt dust B. Chemical
composition of basalt received from an open-pit mine A is shown in Table 1. Table 2 contain
results of granulometric analysis implemented for basalt dust A. Basalt dust B’s chemical
composition is given in Tables 3 and 4 contains granulometric analysis for basalt dust B.
An example of rock from which basalt dust was obtained is shown in Figure 2. Figure 3
shows the basalt B dust used in the study. Authors did not find much information about
the impact of basalt dust on thermal conductivity of cement slurries. These were probably
some of the first studies on the effect of basalt dust on the thermal conductivity of grouts.
Furthermore, not much information was found about the strength properties of grouts after
adding basalt dust.

Lubusz Z\ Greater Poland l
N

h J
Lower Silesia

Il Basalt

A - open pit mine A
B - open pit mine B (

Figure 1. Location of basalt deposits from which basalt dust is obtained in Poland [23].

Figure 2. Basalt rock from open-pit mine (photo by K. Sericzuk).
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Figure 3. Basalt dust (photo by K. Seficzuk).

Table 1. Basalt A chemical composition.

Composition

Content %

[-]

[%]

Roasting loss 2.08 £ 0.08
SiO, 42.38 + 0.46
Al,O3 11.29 +0.19
Fe, O3 12.69 £+ 0.19
CaO 1.22 +0.19
MgO 13.19 £ 0.19
SO; 0.07 = 0.05
Na,O 247 +£0.13
K,O 1.17 £ 0.09
P,05 0.61 £ 0.06
TiO, 2.50 £+ 0.11
Mn,03 0.24 + 0.05
SrO 0.08 £ 0.06
ZnO 0.02 &+ 0.05
Table 2. Results of granulometric analysis for basalt dust A.

Mesh Size Weight % by Mass
[mm] [g] [%]
0.300 42.005 8.160
0.180 82.605 16.050
0.150 85.190 16.550
0.125 80.950 15.730
0.106 71.910 13.970
0.075 62.600 12.160
0.063 33.495 6.510
0.056 15.400 2.990
0.050 10.906 2.120
0.040 8.536 1.660
0.032 19.565 3.800
0.025 1.053 0.200
0.020 0.552 0.110

<0.200 0.003 0.001

The results shown in Table 2 were obtained for two samples of about 515 g each.
Samples spent 24 h in the oven before testing.
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Table 3. Basalt B chemical composition.

Composition Content
[-] [%]
Roasting loss 1.02 £ 0.08
SiO, 46.37 £+ 0.55
Al,O3 14.53 +0.19
Fe, O3 11.86 £ 0.11
CaO 9.49 4+ 0.09
MgO 8.21 + 0.05
SO;3 0.00 + 0.05
Na,O 3.70 £ 0.13
K,O 1.33 +£0.17
P,O5 0.62 + 0.05
TiO, 2.54 4+ 0.05
Table 4. Results of granulometric analysis for basalt dust.

Mesh Size Weight % by Mass
[mm] [g] [%]
0.300 36.200 7.030
0.180 80.840 15.700
0.150 95.760 18.600
0.125 83.950 16.310
0.106 69.910 13.580
0.075 60.525 11.760
0.063 34.495 6.700
0.056 14.400 2.810
0.050 6.360 1.240
0.040 7.130 1.390
0.032 23.565 4.580
0.025 1.215 0.240
0.020 0.375 0.070
<0.200 0.005 0.001

Furthermore, laboratory study has been conducted to check the effect of basalt dust A
on the strength of hardened grouts after 28 days in water. By hardened slurry, the authors
mean slurry that has changed from a liquid state to a solid state after being poured into a
mold. Samples were tested in view of compressive and flexural strength. Laboratory testing
of cement slurry strength is important because insufficient grout strength can lead to hole
destruction. Strength testing has been described in the literature for both oil and geothermal
wells. Strength increasing and strength decreasing additives have been studied [28-49]. So

far, strength-enhancing additives include materials such as:
Eggshell powder (ESP) [28];

Quartz sand [2

Graphene [32];

Silica fume (SF
Nanosilica [37]
Diatomite [38];
Hblock [39];

Slag [41];

9];

Loose silica dust [30];
Microsilica [31];

) [36];

7

NanoSiO, [40];

Nano-Al,O3 (NA) [42];

Ground granulated blast furnace slag (GGBS) [33,34];
Nanosilica fume (NSF) [35];
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Halloysite [43];

N, NN/, N'-tetramethyl ethylenediamine (TEMED) (99%) [44];

Mix of polypropylene (PP) fiber and glass (G) fiber [45];

Cellulose nanocrystals (CNC), cellulose nanofibrils (CNF), bacterial cellulose (BC) and
cellulose filaments (CF) [46,47];

Marble slurry powder (MSP) [48];

Tailings (such as granite cutting waste) [49].

2. Materials and Methods

The thermal conductivity coefficient is a very sensitive parameter. During testing, the
final result can be affected by, e.g., a temporary change in outdoor temperature or a change
in room humidity. The amount of thermal conductivity is also affected by, e.g., the structure
or density of the material [50].

The entire process from the execution of the laboratory test to obtained analysis results
can be divided into three parts:

e  The first part involved making the grout mixtures and pouring the disc-shaped molds
and rectangular molds. All disk-shaped samples were placed in containers with water
for 28 days. In case of beams being included in basalt dust B, parts of the samples were
tested immediately after hardening. The others were placed in containers filled with
water for 28 days. Cement slurries consisted of water, cement and an additive (basalt
dust A and basalt dust B). Preparation of cement grout is trivial. As an example, to
prepare 5 samples with a water—mix ratio of between 0.5 and 10% basalt dust content,
300 g of water, 540 g of cement and 60 g of dust are required. Firstly, water was
added to a clean container and placed under the stirrer, and then cement and dust
were weighed and mixed. When stirring started, it was important that no air bubbles
formed and the cement/dust mixture was added slowly. Well mixed slurry was poured
into disc-shaped moulds. Mold shape depended on the kind of laboratory tests, such
as strength and thermal conductivity analysis. Thermal conductivity testing required
circle/disc shape samples while strength tests required beams with dimensions of
40 x 40 x 160 mm.

e  The second stage began after 28 days and involved performing thermal conductivity
tests using a FOX 50 instrument.

e  The last part was based on the segregation and analysis of all the results obtained.

All tested grout mixtures were based on Portland cement with the trade name Cement
premium 42,5R found in the catalog of Gorazdze Cement S.A.
Approximately 280 disc-shaped samples and about 320 beams were prepared and tested.

2.1. Materials

Two materials were needed for the study: Portland cement and basalt dust. They are
described below.

CEM I142,5 R was commonly used Portland cement compliant with PN-EN 197-1:2012
standard. It is easily available on the market, which encourages a low price [51].

Basalt dust was obtained by crushing basalt blocks in crushers. The rocks from
which the dust was obtained were characterized by high strength, high melting point, acid
resistance, resistance to low temperatures and were a low-flammability material [52]. The
main difference between dusts A and B was that in dust A, sunburn does not occur. Sunburn
is an unusual type of basaltoid disintegration that develops immediately throughout the
rock. This occurs usually as bright, mostly gray or russet spots. Basalt dust B was obtained
from basalt deposits located nearby Winnica hill. Winnica hill is located in Piotrowice,
a village located in the Lower Silesia voivodeship. The basaltoids located on the hill
belong to the young alpine basalt formations of the platform foreground of the European
Alps. They extend from Saxony and the Rhine through Bohemia, Lower Silesia, Opole
and Moravia. In Germany, the Czech Republic and Poland, they form isolated clusters
called spot concentrations [53]. In the region of the Czech massif and the Sudetes, the
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concentrations are spaced about 80-85 km apart, have similar diameters of 35-45 km and
form the Czech-Silesian volcanic arc. The age of these basaltoids is determined to be Lower
to Middle Oligocene. Basalt dust A was obtained from an open-pit mine located near
Zlotoryja in the Lower Silesia voivodeship. There was a small difference in the composition
of dusts A and B. The biggest difference in chemical composition was the content of SiO,,
Aly,O3, CaO, MgO, NayO and roasting loss. Dust A had more SiO; (about 4%), Al,O3 (3.24%)
and NayO (1.23%), whereas dust B contained more CaO (1.72%) and MgO (about 5%). Only
differences greater than 1% were considered in this comparison.

2.2. Description of Thermal Conductivity Tests

About 280 thermal conductivity tests were performed on disc-shaped samples. The
FOX 50 device was used for this purpose. The device consisted of two plates positioned
in parallel, between which sealant samples were placed in the form of discs. These plates
protected the sample during testing. This apparatus allows conductivity tests to be per-
formed in the temperature range between 10 and 110 °C. The FOX 50 requires a cooling
device and a compressor for proper operation. The cooling device helps maintain constant
temperatures during testing. Figure 4 shows the FOX 50 apparatus and instruments used
for tests. Figure 5 presents one of the disc-shape samples used for thermal conductivity
testing [53]. All samples spent 24 h indoors under constant conditions before testing. All
5 samples of the same concentration were always tested on the same day.

Figure 4. FOX 50 aperture with instrumentation. (1) Lambdameter FOX 50; (2) ThermoCube 200-500
Solid State Cooling System cooler; (3) compressor DED7472 Derda (photo by K. Sericzuk).

Figure 5. Disc-shaped samples were used to check thermal conductivity (photo by K. Sericzuk).

The device is quite complicated when it comes to determining the final result of the
conductivity value for samples. One block of data appearing on the device consists of
256 cycles that last approximately 4 min 20 s. The results of each block include the temper-
ature on the lower and upper plates, and the signals from the lower transducers. These
values are compared with the average values of the previous blocks. If this comparison
meets all of the following criteria, the thermal equilibrium of the sample is considered to
have been reached, ending the test for that block. All criteria are shown below.

(a) Temperature equilibrium criterion (T.E. criterion);
(b) Semi-equilibrium criterion (S.E. criterion);

(c) Percentage equilibrium criterion (P.E. criterion);
(d) Inflexion criterion.
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Only when all 4 criteria are met can results be calculated. The final result is obtained
as the average value of the last three blocks. Precision of the FOX 50 device is about 3%.
The results are shown to 4 decimal places, which is the same order of accuracy relative to
the accuracy of the calibration standard materials [54].

To calculate thermal conductivity coefficient A [m—%], FOX 50 uses the following
Equation (1) [54]:

Ax
A= T T 1)
|: (Scal 'Q)_Z'R]

where Ax—sample thickness [m]; AT—temperature gradient between upper and lower plate
[K]; Scu—proportionality factor between transducer output signal and heat flux [W-m =2 uV—1];
Q—output signal in transducer [V]; R—thermal contact resistance [m2-K-W~1].

2.3. Description of Strength Tests

Basalt dusts A and B were used as an additive to cement slurry for all assumed water—
mix ratios and their effect on the strength of the hardened Portland cement after 28 days in
water was tested. Basalt dust B was also tested for its effect on strength immediately after
setting. For each dust concentration, five 40 x 40 x 160 mm beams were made. Figure 6
shows the device used in strength tests. Examples of beams used in strength tests are
located in Figures 7 and 8.

8

Figure 6. Matest model E—183PN100 (photo by K. Sericzuk).

Figure 7. Beam used in flexural strength test (photo by K. Sericzuk).

Figure 8. Samples used in compressive strength tests (photo by K. Sericzuk).

The Matest apparatus model E—183PN100 by Matest ompany located in Treviolo BG,
Italy consisted of two chambers and a control device. The beam was placed in the left
chamber, then the flexural strength option was selected on the control device. If necessary,
the sample dimensions in the settings were changed, and then the instrument was started.
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Beams were placed in the right chamber, then the compressive strength option was selected
on the control and the test began. After starting, the device increased the force that put
pressure on the sample. Testing ended when the beam broke (this refers to flexural and
compressive strength tests). The results were obtained to three decimal places. According
to the manufacturer’s instructions, the device does not use any equations to determine
strength values.

3. Results

In this section of the article, data obtained from the laboratory research are presented
and analyzed. Ten different grouts concentrations were prepared for both thermal conduc-
tivity coefficient (A) and strength tests. The additive contents used in tested cement-basal
dust mixes were 0%; 1%; 2.5%; 5%; 7.5%; 10%; 20%; 30%; 40% and 50% BWOC (by weight
of cement). For thermal response tests and both strengths, five samples were made for
each concentration of basalt dust. For concentrations in which significant differences in
either strength or thermal conductivity values occurred, additional tests were performed.
The updated data obtained after additional tests were introduced. Additional tests were
performed for concentrations where there was too much variation in results. The “results”
section includes updated data.

3.1. Thermal Conductivity Test

Tables 5-7 and Figures 9-11 summarize the average values of the thermal conductivity
coefficient and contain the results obtained for basalt dust A for water-mix ratios 0.5, 0.6
and 0.7, respectively. Similarly, results for basalt dust B are included in Tables 8-10 and
Figures 12-14 for water-mix ratios 0.5, 0.6 and 0.7. The thermal conductivity coefficient
values in Figures 9-11 are presented to 3 decimal places. For the purpose of testing the
thermal conductivity coefficient, about 280 disks were made and tested.

Table 5. Average thermal conductivity for basalt dust A for all samples for water —mix ratio = 0.5.

Thermal Conductivity A [ ]

Statistics
Minimum 0.571
Maximum 0.721
Median 0.600
Average 0.606
Standard deviation 0.042
The range of variation 0.146
074
0723
072 °
. 070
7f 0,68 N —
_;\‘ 0,66 Tl R
:§ 0,64 \‘\\\ ___________ -]
_; 062 0621
£ 0,6 0,606
= 060 0,50960’%00 ) ?
0384 0.582
058 —~----" “"‘<~\‘\\ "o 571
0,56 -y

| B——
2
-10 0 10 2o| R"=0,1847 40 50 60

Percentage contamination of basalt dust A, %

,,,,,,,,,,,, Confidence interval
Average

Figure 9. Average thermal conductivity for basalt dust A for water —mix ratio = 0.5.
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As can be seen in Figure 9, all samples containing basalt dust A as an additive had
lower thermal conductivity values than the zero sample. The lowest value was obtained
for the slurry with 50% dust content. In this case, the thermal conductivity value was about

21% lower than that of the zero sample. For remaining grout mixtures, values were lower
by about 14% to 20%.

Table 6. Average thermal conductivity for basalt dust A for all samples for water —mix ratio = 0.6.

Thermal Conductivity A [ ]

Statistics
Minimum 0.497
Maximum 0.721
Median 0.616
Average 0.618
Standard deviation 0.063
The range of variation 0.225

074
072
070} "o

0,68 -
0,66
0,64
062}
0,60
0,58
0,56
0,54
0,52
0,50
048

-1
‘m
‘
/

1

Thermal conductivity I, W-K

0 10 20 30 40 50

Percentage contamination of basalt dust A, %

............ Confidence interval

__ Average
Figure 10. Average thermal conductivity for basalt dust A for water —mix ratio = 0.6.

Figure 10 indicates that, similar to Figure 9, the thermal conductivity values of the
samples containing basalt dust were lower than those of the zero sample. Here, the lowest
conductivity value occurred for the formula containing 50% dust in the mixture. For this
sample, the thermal conductivity coefficient was about 31% lower than the zero sample

value. For the rest of the grout mixtures, decreases in thermal conductivity values varied
between 10% and 30%.

Table 7. Average thermal conductivity for basalt dust A for all samples for water —mix ratio = 0.7.

Thermal Conductivity A [mﬂk]

Statistics
Minimum 0.505
Maximum 0.634
Median 0.586
Average 0.573
Standard deviation 0.039

The range of variation 0.129
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-1
‘m

1

Thermal conductivity 1, W-K

-10 0 10 20 30 40

Figure 11. Average thermal conductivity for basalt dust A for water —mix ratio = 0.7.

Percentage contamination of basalt dust A, %

,,,,,,,,,,,, Confidence interval
Average

60

Analysis of the results for basalt dust A with a water mix-ratio = 0.7 shows a decreasing
trend in the value of the thermal conductivity. This trend occurred as the concentration of
basalt dust in the slurry increased. The lowest value of thermal conductivity was obtained
for the sample containing 40% basalt dust in its composition. The value of the thermal
conductivity coefficient in this case was lower than that of the zero sample by almost 20%.
For the remaining samples, reduction varied by about 5% to 19%.

Table 8. Average thermal conductivity for basalt dust B for all samples for water —mix ratio = 0.5.

Thermal Conductivity A [mL‘,/(]

Minimum
Maximum
Median
Average
Standard deviation
The range of variation

Statistics
0.482
0.628
0.588
0.586
0.040
0.146

064
0628
0627 °©
0,62 816 "~
ko = ™~ 5

0,60 ~\"\~_ 058’ \\\\
o S B T~
- T 581~ .0,581
¥ 058 07T, 5N 0,574
z o ._ ©
.é\ 0’56 \\\\ \.‘“‘ o
,§ 0,54 S R*=0,7446] "~
g sy
g 052 RN
i ~
5] ~

N

= ~

0,50 S

0482
0,48 %\\
.
0,46
-10 0 10 20 30 40 50 60
Percentage contamination of basalt dust B, %
------------ Confidence interval
= _ Average
Figure 12. Average thermal conductivity for basalt dust B for water —mix ratio = 0.5.
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According to Figure 12, the slurries with dust content of 1% had values about 0.1%
greater than the zero sample. For remaining concentrations, a decrease in thermal con-
ductivity values was observed. The decreases in these values varied from about —1.7% to

about —23% compared to the zero sample. The lowest conductivity value was found for
the grout with a basalt dust content of 50%.

Table 9. Average thermal conductivity for basalt dust B for all samples for water —mix ratio = 0.6.

Thermal Conductivity A [ ]

Statistics
Minimum 0.566
Maximum 0.677
Median 0.623
Average 0.625
Standard deviation 0.034
The range of variation 0.111

0,70

0,68

-1
‘m

0,66

0,64

0,62

0,60

Thermal conductivity 1, W-K

0,58

0,56
-10 0 10 20 30 40 50 60

Percentage contamination of basalt dust B, %

———————————— Confidence interval

Average
Figure 13. Average thermal conductivity for basalt dust B for water —mix ratio = 0.6.

Data contained in Table 9 again shows a decreasing trend in the value of the thermal
conductivity coefficient. All samples containing basalt B dust as an additive had thermal
conductivity values less than those of the zero sample. The lowest value was observed for
the grout with a dust content of 50%; in this case the thermal conductivity value was about

16% lower than that of the zero sample. For other grout mixtures, the thermal conductivity
coefficient was about 3% to 12.5% lower.

Table 10. Average thermal conductivity for basalt dust B for all samples for water —mix ratio = 0.7.

Thermal Conductivity A [ ]

Statistics
Minimum 0.581
Maximum 0.659
Median 0.614
Average 0.615
Standard deviation 0.022

The range of variation 0.078
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Figure 14. Average thermal conductivity for basalt dust B for water —mix ratio = 0.7.

Upon analysis of the data in Table 10, the trend of decreasing thermal conductivity
values relative to the zero sample was again noted. Once again for basalt dust B, all
grout mixtures had lower values of thermal conductivity compared to the base specimen.
The lowest thermal conductivity value was found for samples containing this additive at
30%. In this case, the thermal conductivity value compared to the zero sample was about
12% lower. For all remaining grout mixtures, the thermal conductivity coefficient was about
2.5% to 10% lower.

Thermal conductivity coefficient tests require a very strict, repeatable (under the same
conditions) experimental procedure since many factors influence the final test results. Ce-
ment slurry must be prepared carefully. Care should be taken when mixing dry ingredients
with water to avoid the formation of vortices that would allow air to enter the freshly
prepared grout.

3.2. Flexural and Compressive Strength Tests

The effect of basalt dust on the strength of depletion grouts was tested. These tests are
very important because for geothermal wells as well as deep borehole heat exchangers, the
strength of cement slurry is a parameter equally important as thermal conductivity. If the
grout strength is too low, the function of the borehole may be adversely affected, and the
borehole may fail [6,55]. For this reason, strength values at least equal to the zero sample
are required. Two types of strength tests were performed on the hardened samples: flexural
strength, and compressive strength. In both cases, the maximum force and maximum
pressure are given. For each water-cement ratio of 0.5, 0.6 and 0.7, respectively, the results
are collected in two tables. Tables 11-16 contains both strengths results. Tables 11, 13 and 15
show flexural strength test results. Tables 12, 14 and 16 include compressive strength
tests. Figures 15, 16, 19, 20, 23 and 24 show the results obtained from the flexural strength
tests and Figures 17, 18, 21, 22, 25 and 26 show the results from the compressive strength
tests. Tables 11-16 and Figures 15-26 refer to the results obtained for basalt dust A. For the
purpose of strength testing, about 320 beams were made and tested.
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Table 11. Flexural strength tests for basalt dust A for all samples for water —mix ratio = 0.5.

Maximum Strength [kN]

Maximum Press Force [MPa]

Statistic
Minimum 2.333 5.641
Maximum 4.634 10.465
Median 4.063 9.441
Average 3.787 8.745
Standard deviation 0.753 1.632
The range of variation 2.301 4.824
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Figure 15. Average values received during flexural strength tests for water —mix ratio = 0.5,

maximal strength.
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Figure 16. Average values received during flexural strength tests for water —mix ratio = 0.5,

maximal pressure.
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Figures 15 and 16 show that there was a decreasing trend in strength values as the
concentration of additive in the grout increased. Hardened slurries containing dust with
a concentration of 40% had flexural strength values reduced by approximately 43%. For
other samples, the reduction in strength values varied between 16% for a concentration of
1% and 18% for a dust content of 30%.

Table 12. Compressive strength tests for basalt dust A for all samples for water —mix ratio = 0.5.

Maximum Strength [kN] Maximum Press Force [MPa]

Statistic
Minimum 30.526 18.599
Maximum 78.696 47.127
Median 71.259 44.240
Average 64.061 39.238
Standard deviation 17.027 10.257
The range of variation 48.170 28.528

Compressive strength: max. strength kN

-10 0 10 20 30 40 50 60

Percentage contents of basalt dust A, %

............ Confidence interval
Average

Figure 17. Average values received during compressive strength tests for water —mix ratio = 0.5,
max. strength.
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Figure 18. Average values received during compressive strength tests for water —mix ratio = 0.5,
max. pressure.
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Compressive strength values again showed a decreasing trend in strength with in-
creasing basalt dust concentration. The lowest strength value was obtained for the sample
containing 40% basalt dust, for which the strength value was 55% lower than that of the
zero sample. In the remaining samples, the reduction in conductivity values varied by a
maximum of 11%.

For a water —mix ratio of 0.5, there was a decreasing trend in flexural and compressive
strength values for formulations containing dust concentrations of 10% and above for both
strength tests.

Table 13. Flexural strength tests for basalt dust A for all samples for water —mix ratio = 0.6.

Maximum Strength [kN] Maximum Press Force [MPa]

Statistic
Minimum 1.286 3.340
Maximum 4.145 9.715
Median 3.309 7.756
Average 3.186 7.450
Standard deviation 0.913 2.025
The range of variation 2.860 6.375

Flexural strength: max. strength kN

10 0 10 20 30 40 50 60

Percentage contents of basalt dust A, %

____________ Confidence interval
_ Average

Figure 19. Average values received during flexural strength tests for water —mix ratio = 0.6, maximal strength.
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Figure 20. Average values received during flexural strength tests for water —mix ratio = 0.6.
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For water —mix ratio 0.6, for samples with an additive concentration above 7.5%, there
was a trend of decreasing flexural and compressive strength values as the additive concen-
tration of the grout increased. For flexural strength, it was noted that increased strengths
occurred for formulations with low additive contents of 1%, 2.5% and 5%. Comparing the
values of these strengths to those of the zero sample, it can be seen that the difference was
a maximum of 15%. For samples that had dust concentrations of 7.5% and above in their
composition, the values of flexural strength decreased by up to 26%.

Table 14. Compressive strength tests for basalt dust A for all samples for water —mix ratio = 0.6.

Maximum Strength [kN] Maximum Press Force [MPa]

Statistic
Minimum 16.116 10.073
Maximum 59.736 37.243
Median 45.249 28.850
Average 42.185 26.758
Standard deviation 12.401 7.747
The range of variation 43.620 27.170

Compressive strength: max. strength kN

15 <
R?=0,8192 S

-10 0 10 20 30 40 50 60

Percentage contents of basalt dust A, %

............ Confidence interval
_ Average

Figure 21. Average values received during compressive strength tests for water —mix ratio = 0.6,
maximal strength.
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Figure 22. Average values received during compressive strength tests for water —mix ratio = 0.6,
maximal pressure.
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The compressive strength values of the cement slurries for all tested formulas were
lower than those of the zero sample. The closest to the zero sample was the formula
containing 5% dust in its composition, for which the values were about 1.5% lower. For
the other samples, the compressive strength values were reduced in the range of 6-37%
compared to the zero sample.

Table 15. Flexural strength tests for basalt dust A for all samples for water —mix ratio = 0.7.

Maximum Strength [kN] Maximum Press Force [MPa]

Statistic
Minimum 1.660 3.890
Maximum 2.701 5.713
Median 2.364 5.336
Average 3.314 5.226
Standard deviation 0.264 0.494
The range of variation 1.041 1.823
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Figure 23. Average values obtained during flexural strength tests for water —mix ratio = 0.7, maximal strength.

58

56 58
54 i ~~e
52 F==~o. -
5,0 o ~ae

4,8 RS

4,6 SN

44 R

Flexural strength: max. pressure MPa

4,2 ~

4,0 b

3,8 S
-10 0 10 20 30 40 50 60

Percentage contents of basalt dust A, %

............ Confidence interval
Average

Figure 24. Average values obtained during flexural strength tests for water —mix ratio = 0.7, maximal pressure.
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For a water —mix ratio of 0.7, an overall decreasing trend was observed. The greatest
reduction in flexural strength values was observed for samples with an additive concentra-
tion of more than 20% basalt dust A in the sealing grout. Samples with dust concentrations
of 1%, 7.5%, 10% and 20% had increased flexural strength values compared to the zero
sample. However, the difference in these values was small and did not exceed 12%. Such
an increase may be due to uneven mixing of the additive in the sample.

Table 16. Compressive strength tests for basalt dust A for all samples for water —mix ratio = 0.7.

Maximum Strength [kN] Maximum Press Force [MPa]

Statistic
Minimum 18.444 11.528
Maximum 30.074 24.483
Median 27.884 19.086
Average 27.004 19.043
Standard deviation 3.312 3.578
The range of variation 11.630 12.955
32 3
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Figure 25. Average values obtained during compressive strength tests for water —mix ratio = 0.7,

maximal strength.
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Figure 26. Average values obtained during compressive strength tests for water —mix ratio = 0.7.
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The compressive strength values of basalt A dust cement slurries also showed a
decreasing trend with increasing additive value. The lowest compressive strength value
was obtained for a dust concentration of 30%. Comparing it to the zero sample value, it was
about 41% lower. For the other concentrations, the reduced compressive strength values
were lower compared to the zero sample value by up to 40%.

Samples having similar or higher strength values than the zero sample can be success-
fully used as a replacement for cement components.

All tables (Tables 17-22) and figures (Figures 27-38) presented below concern basalt
dust B.

Tables 17, 19 and 21 and Figures 27, 28, 31, 32, 35 and 36 present data obtained during
flexural strength tests. Tables 18, 20 and 22 and Figures 29, 30, 33, 34, 37 and 38 include
compressive strength tests results. Tables 17-22 and Figures 27-38 describe samples which
lay 28 days in containers filled with water.

Table 17. Flexural strength tests for basalt dust B for all samples for water —mix ratio = 0.5 after 28 days.

Maximum Strength [kN] Maximum Press Force [MPal]

Statistic
Minimum 2.363 5.538
Maximum 4173 9.782
Median 3.430 7.724
Average 3.330 7.668
Standard deviation 0.539 1.241
The range of variation 1.810 4.244
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Figure 27. Average values obtained during flexural strength tests after 28 days for water —mix
ratio = 0.5, maximal strength.
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Flexural strength: max. pressure MPa
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Average

Figure 28. Average values obtained during flexural strength tests after 28 days for water —mix
ratio = 0.5, maximal pressure.

For water-mix ratio 0.5, once again a decreasing trend was observed.

For flexural strength tests, the lowest value was obtained for samples with 50% basalt
dust. The value was about 43% lower than that of the zero sample. Remaining grout
mixtures had lower results, which varied between 6% and about 34%.

Table 18. Compressive strength tests for basalt dust B for all samples for water —mix ratio = 0.5 after

28 days.
Maximum Strength [kN] Maximum Press Force [MPa]
Statistic
Minimum 26.969 16.855
Maximum 69.891 42.930
Median 58.413 36.508
Average 52.838 33.038
Standard deviation 13.498 8.265
The range of variation 42.922 28.075

Compressive strength: max. strength kN

-10 0 10 20 30 40 50 60

Percentage contamination of basalt dust B, %

............ Confidence interval
_ Awerage

Figure 29. Average values obtained during compressive strength tests after 28 days for water —mix
ratio = 0.5, max. strength.
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Figure 30. Average values obtained during compressive strength tests after 28 days for water —mix

ratio = 0.5, max. pressure.

Almost all results obtained from compressive strength tests were lower than those of
the zero sample. The lowest value was obtained for contamination of basalt dust of 50%,
which decreased its strength by about 60%. For remaining results the difference varied

between 7% and 42%.

Table 19. Flexural strength tests for basalt dust B for all samples for water —mix ratio = 0.6 after 28 days.

Maximum Strength [kN] Maximum Press Force [MPa]

Statistic
Minimum 1.315
Maximum 3.093
Median 2.801
Average 2.561
Standard deviation 0.604
The range of variation 1.778
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Figure 31. Average values obtained during flexural strength tests after 28 days for water —mix

ratio = 0.6, maximal strength.
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Figure 32. Average values obtained during flexural strength tests after 28 days for water —mix
ratio = 0.6, maximal pressure.

As can we see above, the data obtained from flexural strength tests for the water—
mix ratio 0.6 present a decreasing trend in strength values as basalt dust concentration in
slurry increased. The lowest value was obtained for grout mixture with 50% additive in its
composition. For it, the result was about 57% lower. In other cases, differences varied by
about +0.33% to about —43.5%.

Table 20. Compressive strength tests for basalt dust B for all samples for water —mix ratio = 0.6 after

28 days.
Maximum Strength [kN] Maximum Press Force [MPa]
Statistic
Minimum 13.957 8.346
Maximum 52.373 32.733
Median 44.001 27.467
Average 37.354 22.808
Standard deviation 12.838 8.014
The range of variation 38.416 24.387
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Figure 33. Average values obtained during compressive strength tests after 28 days for water —mix
ratio = 0.6, max. strength.
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Compressive strength: max. pressure MPa
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Figure 34. Average values obtained during compressive strength tests after 28 days for water —mix
ratio = 0.6, max. pressure.

For compressive strength tests, all grout mixtures had lower values than the zero
sample. The lowest result was obtained for an additive concentration of 50%, whose value
was about 74% lower. For remaining samples, the reduction varied between 5% and 63%.

Table 21. Flexural strength tests for basalt dust B for all samples for water —mix ratio = 0.7 after
28 days.

Maximum Strength [kN] Maximum Press Force [MPa]

Statistic
Minimum 1.272 2.962
Maximum 2.495 5.685
Median 2.057 4.926
Average 1.978 4.818
Standard deviation 0.374 0.695
The range of variation 1.223 2.723

Flexural strength: max. strength kN

10 0 10 20 30 40 50 60

Percentage contamination of basalt dust B, %

............ Confidence interval
Average

Figure 35. Average values obtained during flexural strength tests after 28 days for water —mix
ratio = 0.7, maximal strength.
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Figure 36. Average values obtained during flexural strength tests after 28 days for water —mix
ratio = 0.7, maximal pressure.

For water-mix ratio 0.7, flexural strength values once again showed a trend of decreas-
ing strength. For both max. strength and max. pressure, the lowest value was obtained
for the mixture with 50% basalt dust. Results were about 49% lower for max. strength and
about 48% lower for max. pressure compared to those of the base slurry. For the remaining
samples, the reduction in values varied between 0.2% and 40%.

Table 22. Compressive strength tests for basalt dust B for all samples for water —mix ratio = 0.7 after

28 days.
Maximum Strength [kN] Maximum Press Force [MPa]
Statistic
Minimum 12.770 7.981
Maximum 30.586 18.292
Median 25.108 15.016
Average 23.079 13.880
Standard deviation 5.421 3.122
The range of variation 17.816 10.311

Compressive strength: max. strength kN

-5 0 5 10 15 20 25 30 35 40 45

Percentage contamination of basalt dust B, %

............ Confidence interval
Average

Figure 37. Average values obtained during compressive strength tests after 28 days for water —mix
ratio = 0.7, max. strength.
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Compressive strength: max. pressure MPa
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Figure 38. Average values obtained during compressive strength tests after 28 days for water —mix
ratio = 0.7, max. pressure.

Similar to those for flexural strength, compressive strength test results showed decreasing
values with an increased concentration of basalt dust. The lowest value was obtained for
samples with 50% additive. The decrease in strength was about 58% compared to the zero
sample. For other grout mixtures, the decrease in values varied between —7% and —47%.

4. Discussion

Two different basalt dusts were tested. Tests were performed to examine thermal
conductivity, flexural strength and compressive strength. Approximately 280 disc-shaped
samples (thermal conductivity) and about 320 beams (compressive strength and flexural
strength) were prepared and tested. Tests were performed for three different water—mix
ratio values, 0.5, 0.6 and 0.7, for a wide range of dust percentage concentrations that ranged
from 1% to 50% relative to BWOC (by weight of cement).

Analysis of the results obtained from the thermal conductivity tests for dust A showed
a trend of decreasing value with increasing additive concentration in the slurry. All
comparisons of the results obtained relate to individual concentrations in relation to the
zero sample. The water mix 0.5 results presented in Figure 9 show that the lowest thermal
conductivity was obtained for mixtures consisting of 50% basalt dust. For others, results
were about 14-20% lower. Water-mix ratios 0.6 (Figure 10) and 0.7 (Figure 11) showed
similar trends to those of water-mix 0.5. As expected, for basalt dust B all water-mix
ratios showed trends of reduced thermal conductivity values with increasing additive
concentration in the slurry. The largest differences in values were for water-mix ratio 0.5 for
the grout with a dust content of 50%. This value was about 23% lower compared to the zero
sample. The differences in thermal conductivity values may result from the fact that the
thermal conductivity test is very sensitive. The results obtained were influenced by such
factors as, e.g., temperature, humidity, air circulation and material structure. Compressive
strength and compression tests were also performed. For each tested sample two results
were obtained: max. pressure and max. force. For both basalt dusts, we can see decreasing
values of compressive and flexural strength with increasing additive concentration in the
slurry. Analysis of the obtained data showed that with an increase in the water—mix ratio,
the strength values decreased. This correlation occurs for both basalt dusts. For flexural
strength, the biggest decrease between concentrations occurred for water-mix 0.5 (basalt
dust A) which can be noted in Figure 16. For basal dust B, not all samples were within
the assumed confidence intervals. In Figure 23 samples with dust concentrations 2.5%, 5%



Energies 2022, 15, 7033

27 of 30

and 20% were off assumed intervals. This means that they should not be considered as
additives for use in the geothermal industry.

For basalt dust A, the lowest values were obtained for samples containing 50% addi-
tives. Of all three water-mix coefficients, the samples for water-mix 0.6 had the lowest
value. Larger decreases in values occurred from concentrations of 40%. This applies to both
flexural and compressive strengths.

For basal dust B, for all three water—-mixture ratios there was a notable decrease
in strength values for samples containing basalt dust in amounts of 20% or more. This
correlation occurred for both compressive and flexural strengths for all samples which spent
28 days in water. The lowest values were obtained for the samples containing minimum
40% basal dust B.

For compressive strength, in both dusts a certain correlation can be observed. For
water-mix ratio 0.5, the value for a concentration of 50% was about 60% lower, for 0.6 about
70%, and for 0.7 about 40%, respectively. Analysis of the flexural strength results revealed
a similar correlation for both basalt dusts. For water—mix ratio 0.5, the lowest value was
about 40% less, for 0.6 about 65% and for 0.7 about 35%, respectively.

As can be seen in the case of basalt A dust, significant drops in values occurred at
concentrations of 40% and 50%. In contrast, for basalt dust B, these decreases occurred at
concentrations of 20% and more. This may be due to the fact that, as mentioned earlier,
basalt dust A was obtained from rocks that were not sunburnt.

Cement grouts with values lower than 0.5 W-K~1-m~! can be successfully used in the
cementing process for DBHE near the surface to reduce the heat released from holes. Low
thermal conductivity grouts also can be used for cementing geothermal wells along the
entire length to minimize heat losses. Most preferable are grouts with increased strength
values. Too low a strength can lead to damage or complete destruction of the borehole.
Grouts that had strength reduced by up to 10% relative to the zero sample are suitable
to use.

5. Conclusions

e There is a growing interest in technologies that use heat from different depths below
the ground or geothermal water. It may be crucial to look for ways of reducing the
cost of making such installations. One possibility is to use commonly available and in-
expensive materials when preparing grout. This material could be used as a substitute
for cement or as an additive to increase or decrease thermal conductivity values;

o  The effect of two different basalt dusts on the conductivity and strength of the formulas
were tested. The deciding factors were no information about similar studies previously
conducted, environmental safety and the fact that these dusts are considered waste.
Tested basalt dusts were obtained as a waste product from the mining of basalt
aggregate and can be used in cement grouts;

e  Approximately 280 disc-shaped samples and about 320 beams were prepared and
tested. Tests were performed for three different water-mix ratio values, 0.5, 0.6 and 0.7,
for a wide range of dust percentage concentrations that ranged from 1% to 50% relative
to BWOC (by weight of cement). For some beams, variations of the results obtained
were too high. Therefore, these samples were again made and tested;

e  Analysis of the obtained results indicates a decrease in the value of the heat conduc-
tivity coefficient with an increased percentage concentration of dust. This trend was
shown for basalt dust A and dust B. In comparison to the value of the zero sample, the
thermal conductivity of the compositions containing a concentration of 50% of dust A
decreased by no more than 31.07%, and for dust B by a max. 23.13%;

e Thermal conductivity is a parameter which is very sensitive and is susceptible to
changes in surroundings. The factor that influenced the thermal conductivity results
is the accuracy of mixing the additive in the slurry and the distribution of the additive
particles in the hardened sample. For this reason, proper, reproducible preparation of
the cementitious slurry is very important. Attention must be paid to the conditions
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under which dry ingredients are mixed with water and to the correct procedure when
pouring fresh grout into molds. Thermal conductivity is also strongly dependent on
environmental conditions, i.e., temperature and humidity. During testing, the moisture
content of the samples was maximized due to curing conditions—an environment
similar to that of the borehole was assumed, i.e., full immersion in water;

e  Grouts with the addition of basalt dust, which lowers the value of thermal conductivity,
may find application mainly in cementing of geothermal wells at their full depth and in
cementing of deep borehole heat exchangers in the near-surface sections of boreholes.
The addition of dust as a cement replacement ingredient should also be considered.
The cost of cements should be lower;

e  All samples with strength values higher or equal to the zero sample can be successfully
used for geothermal wells and at the surface layers of deep borehole heat exchangers;

e  Analysis of the obtained results indicates a decrease of both flexural and compressive
strength. This trend was shown for basalt dust A and dust B in comparison to the
value of the zero sample. However, one should be cautious when considering the use
of cementitious grouts with concentrations above 20%, both as a cement replacement
and as an additive to reduce conductivity. The boundary values for their use depend
on grout strengths.
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