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positions are analysed. The thermal conductivities of the materials range between 0.9
and 1.8 W m~' K™! (transient plane source method, TPS). The volumetric heat capacities
range between 3.01 and 3.63 MJ m3 K™ (differential scanning calorimetry, DSC). From
the findings of this study, a standardised analysis of grouting materials is provided
which suggests mixing of the grouting material at a high mixing speed and sam-

ple curing under water for 28 days at room temperature. The benefits of calculating
the volumetric heat capacities of grouting materials from the specific heat capacities
of dry samples measured with the DSC, the water content and the bulk density are
demonstrated. Furthermore, an estimation procedure of volumetric heat capacity
from the W/S and suspension density with an uncertainty of smaller+59% is provided.
Finally, this study contributes to consistency and comparability between existing

and future studies on the thermal properties of grouting materials.
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Introduction

For the planning and design of ground source heat pump (GSHP) systems, knowledge
of the thermal properties of the borehole heat exchanger (BHE) system is essential. This
includes not only the thermal properties of the ground but also of the backfill material.
A large number of boreholes are backfilled with grouting material (IEA ECES 2020).
Reviews of grouting materials and their influence on the performance of GSHP systems
are provided by Javadi et al. (2018) and Mahmoud et al. (2021). For an efficient GSHP
system, high thermal conductivities A [W m~! K™!] and high volumetric heat capaci-
ties pc,, [MJ m~3 K™!] of the ground and backfill material are desirable. A high thermal
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conductivity of the grouting material decreases the thermal borehole resistance and
ensures an efficient heat transfer from the ground to the heat transfer fluid (Allan and
Kavanaugh 1999; Delaleux et al. 2012; Viccaro 2018). The knowledge of the volumetric
heat capacity is essential for estimating the radius of the temperature disturbance dur-
ing operation and thus, evaluating the interactions with neighboured BHE (Zhou et al.
2018). Commercially available grouting materials for BHE are typically specified with a
value for thermal conductivity; however, information on the volumetric heat capacity
of grouting materials is often not provided. Commonly, the volumetric heat capacity is
not specifically considered, as the thermal conductivity has a higher influence on the
efficiency of the BHE, although the volumetric heat capacity is especially relevant at the
start of the operation or when operating the BHE in intermittent mode (Li et al. 2019;
Nian and Cheng 2018; Wang et al. 2022).

Albeit with the ASTM D5334-22a (ASTM International 2023) and the ASTM D4611
(ASTM International 2016), there are some standards for the measurement of thermal
conductivities and specific heat capacities of soils and rocks, there is yet no standard for
the analysis of the thermal properties of grouting materials. Hence, for the determina-
tion of the thermal conductivity of grouting materials, various measurement methods
were applied in the literature (e.g. Delaleux et al. 2012; Erol and Frangois 2014; Song
et al. 2019). In the supporting information, a comprehensive overview of applied meas-
urement methods is provided (Table A-1). Although some authors applied steady-state
methods, where a constant temperature gradient within the sample is established (e.g.
Song et al. 2019), transient methods were applied more often. The transient hot wire
method (THW) was applied using a needle probe (e.g. Blazquez et al. 2017; Erol and
Francois 2014; Kim and Oh 2020). The needle probe was inserted into the sample via
holes, which can cause an underestimation of the thermal conductivity due to insuffi-
cient thermal contact between the probe and the sample (Kim and Oh 2020). Others
used a surface probe, where the needle was pressed against the surface of the sample
(e.g. Allan 1997; Frac et al. 2021; Kim and Oh 2020; Viccaro 2018). In some studies, the
transient plane source method (TPS) was applied (e.g. Delaleux et al. 2012; Dong et al.
2022; Zhao et al. 2024). While the steady-state methods generally produce more accurate
results, the transient methods have the advantage of shorter measurement times (Zhao
et al. 2016). This reduces the errors due to evaporation or convection when measuring
grouting materials at saturated or partly saturated conditions. Rarely, different measure-
ment methods were compared with each other (Kim and Oh 2020). Thermal conductiv-
ity measurements were usually conducted at room temperature at about 20 °C.

Compared to the number of studies on the determination of thermal conductivity of
grouting materials, there are only a few studies on the determination of volumetric heat
capacity (supporting information, Table A-2). Some studies used the volumetric heat
capacity values derived from transient thermal conductivity measurements (e.g. Kim
and Oh 2019; Frac et al. 2021). Extremera-Jiménez et al. (2021) determined the specific
heat capacity by applying the calorimetry method. The differential scanning calorim-
etry (DSC) method was applied to measure the specific heat capacity of dry cementi-
tious materials based on the DIN EN ISO 11357-4 (Deutsche Norm 2021a; b) for plastics
(Schutter and Taerwe 1995; Shafigh et al. 2020). Specific heat capacity values were typi-
cally provided for 20 °C, i.e. room temperature.
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However, the measurement of the thermal parameters is only the last step in the analy-
sis of grouting materials. Beforehand, the sample has to be manufactured and prepared
for the measurement. Sample preparation procedures can significantly influence the
results of a measurement. Sample preparation procedures of grouting materials, espe-
cially regarding the mixing and storing conditions, vary immensely between the differ-
ent studies (supporting information, Table A-3). The German standard DIN EN 196-1
(Deutsche Norm 2016a) establishes the sample preparation method of cements and
mortars for the analysis of the strength of cement. In some of the studies on grouting
materials, these were also adapted (Frac et al. 2021; Mascarin et al. 2022; Viccaro 2018).
In analysing grouting materials, the samples have to be first manufactured by mixing the
powdery raw material with a defined amount of water. The mixing procedure (including
the size of the mixing vessel and the suspension volume) differed between the different
studies as well as the used mixing device, which varied from disperser or mortar mixer to
colloidal mixer (e.g. Allan 1997; Mascarin et al. 2022; Pascual-Munoz et al. 2018; Viccaro
2018). After mixing, the suspension is filled in moulds and stored for curing until the
measurement. Here, the specific material properties of cementitious materials have to be
considered, as cementitious samples change their structure and mineralogical composi-
tion during ageing in the process of hydration (e.g. Kurdowski 2014). The samples were
predominantly cured at room temperature (about 20 °C) under water (e.g. Allan 1997;
Dong et al. 2022; Frac et al. 2021) or under air-moist conditions with varying relative
humidity from 45 to 100% (e.g. Erol and Francois 2014; Viccaro 2018; Zhao et al. 2024).
In contrast, Kim and Oh (2019) cured their samples at ambient conditions, drying them
in the oven and re-saturating them by placing them in water for 2 to 5 days. Song et al.
(2019) used a consistometer to cure the samples at elevated temperatures (60 °C) and
pressure (20 MPa). Due to the ongoing hydration process, the time when the measure-
ment is conducted after the manufacturing can become relevant. In the different stud-
ies, various hydration times were chosen ranging from measurement at 7 (Berktas et al.
2020) to 30 days (Erol and Francgois 2014). Some studies evaluated the influence of the
hydration time on the thermal properties by measurement at different hydration times
up to 30 days (Bentz 2007; Erol and Francgois 2014; Park et al. 2011), finding that after the
first days, no significant changes in the thermal parameters occurred.

To understand how different measurement methods and sample preparation meth-
ods can influence thermal properties, it is therefore essential to understand the mate-
rial properties that influence thermal properties. Grouting samples are porous samples.
Thus, the properties of the sample depend on the properties of the solid part (i.e. min-
eralogy, grain contact, arrangement) and of the pores (i.e. pore size, pore distribution,
pore filling). As the enhancement of thermal conductivity is the main focus of most of
the studies, the influence of additives is well-studied in the literature (e.g. Allan 1997;
Erol and Francgois 2014; Viccaro 2018). The most common additives are silica sand and
graphite. While silica sand increases the thermal conductivity, it has a decreasing effect
on the specific heat capacity of the grouting material (Allan 1997; Kim et al. 2017; Kim
and Oh 2019). Although small amounts of graphite increase the thermal conductivity
of the grout, it also can have a negative effect on the porosity and the workability of the
material (Erol and Francgois 2014; Pascual-Muiioz et al. 2018; Song et al. 2019; Viccaro
2018). The porosity of the grouting material is highly dependent on the water—solid ratio
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(W/S), the ratio of water and the raw material used for manufacturing (Dong et al. 2022;
Lathaj et al. 2006; Stark and Wicht 2013). More importantly, the pore size distribution is
also dependent on the W/S, which has a significant impact on the hydraulic conductivity
of the system (Stark and Wicht 2013). Most material properties are negatively influenced
by a high W/S. As the pore fluids have a lower thermal conductivity than the solid mate-
rial, increasing W/S decreases the thermal conductivity of the grouting material (Allan
1997). Park et al. (2011) showed for their studied materials a decrease in the thermal
conductivity by 0.01 to 0.07 W m~! K~! when increasing the W/S by 0.1. Air as a pore
fluid has a significantly lower thermal conductivity than water. Hence, thermal conduc-
tivity increases with increasing saturation (Delaleux et al. 2012). At the same time, spe-
cific heat capacity increases with increasing water content (Kim et al. 2017; Kim and Oh
2019).

As highlighted before, in the literature on grouting materials, the main focus is on
the determination and improvement of thermal conductivity. Most often, the volumet-
ric heat capacity is neglected. Yet, there is no standard measurement procedure for the
determination of the thermal properties of grouting materials. Hence, various laborato-
ries worldwide have developed their own procedure. Rarely, comparisons between dif-
ferent measurement methods or different sample preparation procedures are conducted
apart from the studies by Kim and Oh (2020) and Do et al. (2017).

Hence, the objective of this study is the comprehensive comparison of analysis meth-
ods to determine the thermal conductivity and the volumetric heat capacity of grout-
ing materials for BHE. This study does not aim to develop a new procedure, instead it
highlights the weaknesses and strengths of the different existing methods and provides
recommendations for the analysis procedure based on the findings of this study. This
is the first study that provides a comprehensive overview of the analysis methods for
the thermal properties of grouting materials. For the first time, the influence of not only
the measurement method, but also the sample preparation procedure on the determina-
tion of the thermal properties is thoroughly evaluated. In extensive laboratory experi-
ments, different measurement methods are applied and sample preparation procedures
are systematically varied and evaluated about the mixing speed, curing conditions and
hydration time. An estimation procedure for volumetric heat capacity is also derived.
Thereby, this study contributes to the consistency and comparability between studies on
the thermal properties of grouting materials. The findings of this study help interpret the
results of different studies with regard to the analysis methods. Furthermore, they offer
a guideline to decide, which method should be applied to analyse the thermal properties
of grouting materials, which therefore is a first step for a standardised approach.

Materials and methods

The general workflow of the analysis of grouting materials is presented in Fig. 1. Further
information can be found in the respective chapters. The influencing parameters of the
measurement method and the sample preparation on the analysis of thermal conductiv-
ity and volumetric heat capacity of grouting materials are systematically evaluated. As
common for method development, first, the measurement method is optimised, repre-
senting a good controllable system. Afterwards, the sample preparation method is also
evaluated. Thermal conductivity is analysed with two different transient measurement
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Fig. 1 Workflow for the determination of thermal conductivity A and volumetric heat capacity pc, of
grouting materials applying different methods

methods, which also determine volumetric heat capacity. The volumetric heat capacity
results from these transient methods are compared to volumetric heat capacities cal-
culated from DSC results. Finally, using the relationships between material properties,
volumetric heat capacities are estimated from W/S and suspension properties.

Material

A range of commercially available materials is analysed. This includes seven different
grouting materials from five manufacturers with varying material properties. The mate-
rials vary in their mineralogy and chemistry (main components, additives), the W/S,
the suspension density and, therefore, their thermal properties. The variety of materials
allows generalisations of outcomes of this study about grouting materials. Table 1 pro-
vides an overview of the materials and the investigation program applied to the different
materials. A detailed list of the applied methods and the corresponding sample condi-
tions can also be found in the supplementary information (Table A-4).

Sample preparation

The grouting samples are manufactured based on the specifications of the manufac-
turers. From a homogenised sample, the raw material is weighed for the manufactur-
ing of a defined suspension volume of 2.5 L (balance accuracy 0.1 g). A defined mixing
bucket (Carl Roth GmbH + Co. KG, volume 5 L, top diameter =180 mm, bottom diam-
eter=160 mm, height=270 mm) is filled with tap water according to the provided
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Table 1 Overview of the analysed grouting materials (M1-M7), their properties and the applied
investigation program

Properties M1 M2 M3 M4 M5 Mé M7
Water-solid  0.80 0.80 0.30 0.60 038 0.57 045
ratio W/S
]
Suspension 148 1.55 1.94 16 19 1.7 1.80
density pq
l[gem™)
Composi- Cement- Cement- Cement- Cement- Cement- Cement- Cement,
tion based based based based based based bentonite,
clay and
stone pow-
ders
Thermally No Graphite Quartz No informa-  Additives, Additives Aggregates
enhanced tion fine aggre-
gates
Investigation M1 M2 M3 M4 M5 Mé M7
program
Measurement X X X X X X X
method
Mixing speed X X X - X - -
Curing condi- X X X — X — -
tions
Hydration time ~ x X X X — — —
Variation of W/S  x - - — - X X

@ Manufacturer value

W/S. An overhead stirrer is used as a mixing device (IKA Eurostar 60 digital, dissolver
stirrer R1300, diameter =80 mm). The dissolver is positioned in a way that the vertical
distance between the bottom of the vessel and the centre of the dissolver corresponds
to the radius of the dissolver. The dissolver is aligned horizontally in the centre of the
measuring beaker. The mixing speed is set to a defined rotation velocity (650 rpm and
2000 rpm, respectively). The grouting material is added evenly and quickly using a labo-
ratory shovel. The suspension is stirred for 5 min.

The suspension properties are determined according to the following Chapter (Sus-
pension properties). The suspension is filled in moulds with a defined geometry. For
thermal conductivity measurements, the suspension is filled in cylinders (Plexiglass,
10 cm diameter, about 5 cm height), which are fixed to a planar polyvinyl chloride (PVC)
plate, taking care of an even and smooth surface of the sample. For the other analyses,
the suspension is filled in three separate silicon cubes (5 cm in length). The moulds are
cured under defined conditions (at room temperature 20+ 2 °C; under deionised water
and air-moist 85+5% relative humidity). Analyses of the hydrated samples are con-
ducted at defined hydration times (from 7 up to 365 days).

Suspension properties

Suspension properties are analysed based on the recommendations of the Association
of German Engineers VDI 4640-2 (Verein Deutscher Ingenieure 2019). Suspension sta-
bility is determined for the time of 3 h in a cylinder (volume 250 mL). The suspension
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density p,, [g cm™?] is analysed with a mud balance. The workability is analysed with the
Marsh funnel based on German Industrial Standard DIN 4127 (Deutsche Norm 2014).

Wet bulk density, water content, porosity and saturation

Wet bulk density p, [g cm™] is analysed using immersion weighing according to Ger-
man Industrial Standard DIN 17892-2 (Deutsche Norm 2015). Water content w [—] is
determined by oven drying (at 105 °C) based on German Industrial Standard DIN EN
ISO 17892-1 (Deutsche Norm 2022). From dried and ground samples, solid density
ps g cm™] is analysed with the pycnometer method according to German Industrial
Standard DIN ISO 17892-3 (Deutsche Norm 2016b). Applying the following Egs. (1)
to (3), dry bulk density p, [g cm™?], porosity ¢ [—] and saturation S, [—] are calculated

(Prinz and Strauf$ 2018):
_ Pb
Pa = 14+w (1)
¢ =1—(pa/ps) (2)

g — Ow _ wlpa/pw)
e ¢

¢ ,, [—] is the water-filled pore space and p,, [g cm™?] is the density of water.

Thermal conductivity measurement

The thermal conductivity of the hydrated samples is measured with two different
measurement methods: (1) transient hotwire (THW) method and (2) transient plane
source (TPS) method. Thermal conductivity is measured by evaluating the temperature
response due to a defined heat load. Both methods applied in this study use a transient
measurement principle. The THW method using needle probes is based on the standard
ASTM D5334-22a (ASTM International 2023). The heat load is applied to the sample
using an electrical resistor. The temperature is recorded with time directly at the heat
source. Under the assumption of an infinite medium, the temperature increase is evalu-
ated based on the infinite line source method. The method is modified for surface probes
under the assumption that the heat propagates in half-space direction through the speci-
men. The THW method is applied using a stiff, half-space surface probe (ISOMET 2104,
Applied Precision Ltd., Slovakia) that is placed on the surface of the sample. The meas-
urement probe is calibrated for thermal conductivities from 0.3 to 3.0 W m ! K~1. Two
cylindrical samples are separately analysed and the mean value is calculated.

The TPS method is described in Gustafsson (1991) and in German Industrial Stand-
ard DIN EN ISO 22007-1 (Deutsche Norm 2021a; b) in detail. The measurement
probe is shaped in form of a nickel-metal double spiral. The user-defined heat load
is induced by applying an electrical voltage. The temperature response of the sam-
ple is derived from the change of electrical resistance. Evaluation of the temperature
increase is based on the solution of the heat transport equation under the assumption
of a defined number of concentric ring heat sources. The TPS method is applied with
a full space probe (HotDisk TPS1500, C3 Prozess- und Analysentechnik, Germany)
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by placing a flexible probe between two sample cylinders of the same material. For the
TPS method, the data acquisition is conducted with the software Hot Disk Thermal
Constants Analyser (Version 7.4.17). The software enables control of the quality of the
measurements by direct interpretation of the raw data and model fit.

The samples are measured at room temperature (20 %2 °C) and original water con-
tent. Thermal conductivity measurements with the THW are carried out at the condi-
tions the samples were cured at, i.e. under water or air-moist. The measurements are
carried out in a closed, thermally insulated container that is protected from sunlight.
The samples are conditioned to the respective temperature before measurement. In
between repeated measurements, the samples are always stored at the cured condi-
tions. The same specimens are used for both, THW and TPS, measurements to enable
valid comparison of the methods.

Specific heat capacity

Calorimetry is used to determine the amount of heat that must be applied or is gen-
erated during a physical or chemical transformation of a material, which results in a
change of the internal energy of the material, referred to as the enthalpy H at constant
pressure (Haines 2002). Differential scanning calorimetry is based on the difference
of the heat flow between a material and a reference sample as a function of temper-
ature. The heat flows are derived from the continuously measured temperatures of
the material and the reference. By integrating the peak area of the difference signal,
the change in enthalpy is calculated. One frequently applied reference material is sap-
phire. Further information on the measurement principle can be found e.g. in Héhne
et al. (2003).

In this study, the specific heat capacity of the grouting materials is measured with a
differential scanning calorimeter (DSC, No. 204 F1 Phonix, Netzsch, Germany) apply-
ing the sapphire comparison method according to German Industrial Standard DIN EN
ISO 11357-4 (Deutsche Norm 2021a; b). The DSC is equipped with a cooling unit (Intra-
Cooler IC85, Netzsch, Germany). For samples containing water, the enthalpy peaks of
the water would superimpose the specific heat capacity signal of the grout. Thus, DSC
measurements are conducted on ground, dried samples (oven dried at 105 °C). The
material is weighed into crucibles (aluminium, 40 pL, Netzsch) using a microfine bal-
ance (Cubis II MCE 125P, accuracy£0.01 mg). The measurements are carried out in a
nitrogen atmosphere (flow rate: 20 mL h™'). The temperature range is -16 °C to 45 °C
with a heating rate of 10 K min~'. Data acquisition and analysis are performed using
associated Proteus® software. The specific heat capacity is an additive quantity (Bentz
2007). Thus, the specific heat capacity at original water content ¢, [K] kg™! K™'] is the
weighted arithmetic mean of the specific heat capacities of the components:

w w
f = T 1- Trw )P (4)

Cpa (K kg™! K™ is the specific heat capacity of the dried sample. The specific heat
capacity of water c,,,, [k] kg~! K7!] is determined beforehand in the investigated tem-
perature range and compared to literature data.
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Volumetric heat capacity

The volumetric heat capacity is analysed with three different methods. It is (1) cal-
culated from DSC measurements for dried and saturated samples (pc,, and pc,,;
[MJ kg~! K™1]), respectively:

PCpd = Pd X Cp,d (5)

PCpf = Pb X Cpf (6)

In addition, measurements of the volumetric heat capacity of the samples at the
original water content are conducted during the measurement of thermal conductiv-
ity with (2) the THW as well as with (3) the TPS (Chapter Thermal conductivity
measurement). The THW method uses the temperature change with time to derive
the thermal diffusivity a. Applying the TPS method, thermal diffusivity is derived
through parameter fit. Volumetric heat capacity is calculated applying:

0 (7)

i)
I
R~

Measurement uncertainties

Measurement uncertainties of the analysed properties are calculated based on the
Guide to the Expression of Uncertainty in Measurement (ISO IEC 98-3 2008). For
repetitive measurements, the standard deviation s is determined according to the fol-
lowing equation:

n

1
D wi—®’ (8)

i=1

S =

n is the number of measurements, x; is the measurement value and ¥ is the arithmetic
mean of all measurement values. With the Student’s ¢-distribution, the standard uncer-
tainty u, with a confidence interval of 0.68 is calculated.

N
=t )

Combined measurement uncertainties are calculated from the propagation of
uncertainties. In the supporting information (Table A-5), the measurement uncer-
tainties for the different parameters are summarised.

Results and discussion

First, the measurement methods for the determination of thermal conductivity and
volumetric heat capacity are evaluated. Then, the sample preparation is evaluated
regarding (1) mixing speed, (2) curing conditions and (3) hydration time. In the third
step, the influence of the W/S on the thermal properties is discussed. The results of
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this study are additionally used to derive an estimation procedure of the volumetric
heat capacity from the W/S and the suspension density pg.

Measurement method

Thermal conductivity

The thermal conductivities of the analysed samples range from 0.9 to 1.8 W m~! K~..
Figure 2a shows the thermal conductivity results of the different measurement methods.

The thermal conductivity is measured with two transient measurement methods, the
transient hotwire (THW) and the transient plane source (TPS) method. Both methods
lead to comparable results. The mean deviation between both methods is only 4.5%. The
maximum deviation is 8% for the material M3, and thereby still below the 10% measure-
ment uncertainty stated by the manufacturer.

The accuracy of the thermal conductivity measurement is highly influenced by the
quality of the thermal contact between the measurement probe and the sample or sam-
ple surface. The manufacture of the sample with a smooth and plane surface is crucial.
The measurement probes of the THW and the TPS have different specifications. The
THW probe is more stiff, which is accounted for by the manufacturer of the device
during the calibration of the probe. The TPS probe is more flexible, which can partly
compensate irregularities in the sample surface. The results show that both methods are
suitable for the measurement of thermal conductivities of grouting materials. It should
be noted that the recommendations on the measurement method of thermal properties
refer especially to grouting materials. The thermal conductivity measurement with sur-
face probes (THW, TPS) is recommended for solid samples with smooth surfaces, such
as grouting materials or rocks, as surface probes ensure a good thermal contact. Regard-
ing the measurement of unconsolidated material, such as soils and sands, a needle probe
can be the better choice. However, this comparison is not considered in this study. Con-
cerning validation of the results, measuring with two measurement methods is recom-
mended when available and feasible. However, for the sake of clarity, further results for
thermal conductivity are presented for TPS measurements only.
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Volumetric heat capacity

The determined values for the volumetric heat capacity of the grouting samples at satu-
rated conditions range from 1.9 to 3.8 MJ m—2 K™! (Fig. 2b). The deviation between the
different measurement methods is rather high. For nearly all materials, the lowest val-
ues are measured with the THW and the highest values are determined with the DSC.
On average, the volumetric heat capacity measured with the THW is 36% below that of
the DSC, and the volumetric heat capacity measured with TPS is 13% below that of the
DSC. Values are compared at room temperature. With the DSC, specific heat capacities
are always analysed above a temperature range. In the supplementary information (Fig.
A-1), the specific heat capacities are complementary shown for the entire analysed tem-
perature range (— 10 to 40 °C) with only a minor increase in the specific heat capacities
to a maximum of 0.05 k] kg~! K~! in the range of 5 to 40 °C. Investigating the plausibility
of the measured volumetric heat capacities for the different materials, higher volumetric
heat capacities should be evaluated for materials with higher W/S. The volumetric heat
capacity of water predominately influences the volumetric heat capacity of the water-
saturated grouting material (Table 1, Eq. 6). The values derived with the THW method
show no correlation between higher W/S and higher volumetric heat capacities. By com-
paring the values for M2 and M3, the materials with the highest and lowest W/S, respec-
tively, even higher values are measured for the material M3 with the lower W/S. The
TPS results are more consistent, however not for all samples. By comparing the values of
M7 and M5 (W/S=0.45 and 0.38), the volumetric heat capacity of M7 is lower than that
of M5. Only the DSC values are plausible considering the relationship between the den-
sity and the composition of the sample (W/S). A detailed discussion on the relationship
between the W/S and the properties of the grouting materials (water content, density,
specific heat capacity) is included in Chapter Influence of the water-solid ratio (W/S).

The standard uncertainties are also rather high for the transient measurement meth-
ods and the repeatability is low as indicated by the error bars (Fig. 2b). Average rela-
tive uncertainties for the THW and the TPS are 9% and 15%, respectively. In contrast,
the standard uncertainty of the volumetric heat capacity determination with DSC is
only£0.03 MJ kg ™! K™, which accounts for a relative error of 1%.

The high variation of volumetric heat capacity between the three measurement meth-
ods can be explained with the difference in the measurement methods. The samples for
the transient methods (THW, TPS) are measured at the original water content and as a
bulk. The measurement probes are placed at the surface of the sample and only a spe-
cific sample volume is analysed. Thus, inhomogeneity, surface and structure effects add
to the uncertainty of the measurement. In contrast, the samples for measurement with
the DSC are dried and ground resulting in very homogeneous samples. Repeated meas-
urements on different aliquots prove the repeatability of the measurements. Volumetric
heat capacity as a composite parameter is calculated with the water content and the bulk
density determined on bulk samples. Hence, uncertainties increase due to the necessity
of conducting three different analyses.

In addition, determination of the volumetric heat capacity from the transient meas-
urements is based on curve fitting of the temperature change due to a defined heat
input (Chapter Thermal conductivity measurement). Hence, the fit is based on model
assumptions. Furthermore, contact thermal resistance can influence the results of the
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Fig. 3 Comparison of a thermal conductivities and b volumetric heat capacities with varying mixing speed.
Sample preparation: cured under water, hydration time 28 days and measured at room temperature (20 °C)

fit. As natural samples typically have rougher surfaces compared to ideal flat surfaces,
there is always a higher error due to the irregular contact between the probe and the
sample surface. DSC, on the other hand, is a very accurate method to measure the spe-
cific heat capacity of dry grouting materials, rocks or unconsolidated materials as the
specific heat capacity is directly derived from the heat flow. In conclusion, measuring the
volumetric heat capacity with transient measurement methods, such as THW and TPS,
can only provide first and rough estimates with high uncertainty. Hence, the DSC is our
recommended method for the determination of the volumetric heat capacity of grouting
materials. Accordingly, further results for the specific heat capacity and volumetric heat

capacity, respectively, are only presented for the DSC method.

Sample preparation
The sample preparation is crucial for the quality of an analysis. Following, the influence
of the sample preparation on the thermal conductivity and volumetric heat capacity is

evaluated.

Mixing speed

The mixing procedure of the grouting material is essential to ensure a good blend of the
raw material and the mixing water and, therefore, manufacture a homogeneous material.
In this study, two different mixing velocities (650 and 2000 rpm) and their effect on the
thermal properties are compared (Fig. 3).

The results of the studied materials show almost no measurable influence of the mix-
ing speed on the thermal conductivity and the volumetric heat capacity. This applies to
grouting materials with high W/S (M1, M2) as well as to grouting materials with low
W/S (M3). However, the mixing speed influences the suspension parameters and the
structure of the sample (Table 2).

The suspensions mixed at lower mixing speed indicate inhomogeneity and the forma-
tion of lumps. Furthermore, they show a quality loss in the flow parameters. For exam-
ple, material M2 has a higher suspension stability at a lower mixing speed. Significantly
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Table 2 Suspension properties and porosity of the grouting materials at varying mixing speed
(650 rpm and 2000 rpm)

Sample M1 M2 M3 M5
Mixing speed [rpm] 650 2000 650 2000 650 2000 650 2000
Suspension stability [%] 0.8 0.8 1.6 08 04 04 16 1.6
Workability (1'L) [s] 43 48 42 62 68 94 93 181
Suspension density o, [g cm ] 1.53 1.54 1.54 1.55 1.93 1.92 1.85 1.87
Porosity ¢ (%] 65.1 639 65.5 64.9 44.2 433 46.2 454
a) b) c)
< g
N 10 0.982 x (r 2 -g 20 0.995 x (r =1.00) 2 % 40 0.971 x (r /
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w m_1 K_1] under water MJ m_3 K_1] under water

Fig. 4 Comparison of a water contents, b thermal conductivities and ¢ volumetric heat capacities for varying
curing conditions. Sample preparation: mixed at 2000 rpm, hydration time 28 days and measured at room
temperature (20 °C)

under water

lower Marsh funnel flow times (15-50%) are observed for the materials M2, M3 and
MB5. The porosity of all materials increases slightly for mixing at 650 rpm compared to
2000 rpm. Thus, between the two mixing speeds a clear recommendation for 2000 rpm
can be made. However, the influence of the mixing method on the properties of cemen-
titious material is complex (e.g. Dils et al. 2012). It depends not only on the mixing
speed but also on the type of mixer and the mixing procedure, including, for example,
the amount of material and the mixing time. Hence, the recommended mixing speed is
not transferable to other mixing devices. However, it is highlighted to always use a mix-
ing speed that ensures a homogeneous mixture during the manufacturing of grouting

materials.

Curing conditions

To analyse the influence of the curing conditions during hydration, the grouting sam-
ples are cured under two different conditions: submerged under water and air-moist
(85 =+ 5% relative humidity) conditions (Fig. 4).

Curing conditions are expected to influence the water content due to evaporation
processes. Figure 4a shows slightly lower water content under air-moist curing for
all samples. On average, the water content is 4% lower for air-moist cured grouting
samples, with a maximum of 9% for material M3. Thus, the total saturation of S,=1.0
as achieved with the samples cured under water is not always achieved. A decrease in
thermal conductivities due to the lower water content is not measured (Fig. 4). This
could be explained by the evaporation process. Water evaporates from the sample

Page 13 of 24
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at the surface, resulting in an inhomogeneous water distribution inside the grout-
ing sample. Thus, the major part of the grouting sample is not affected by the curing
conditions during the observed hydration time of 28 days. Figure 4a shows that the
decrease in water content due to evaporation is minor, which is related to a low water
vapour pressure at a relative humidity (RH) of about 85%. However, Do et al. (2017)
showed a decrease in thermal conductivities, when storing samples under air-moist
conditions instead of under water. Do et al. (2017) compared the curing under water,
the curing in a wet chamber at 100% RH and a wet chamber at 50% RH. For controlled
low strength materials (CLSM) with cementless binders, they evaluated a decrease in
thermal conductivities of >50% at 50% RH and about 36% at 100% RH.

The specific heat capacity of dry samples is not affected by the curing conditions.
However, since the water content is used for the calculation of volumetric heat capac-
ity at original water content (Eq. (4), lower water contents result in lower volumetric
heat capacities (Fig. 4c). For material M1, the values are lower by 0.04 MJ m~2 K™, for
M2, the values are lower by 0.02 MJ m~2 K~!. For material M3, the values are lower by
0.05 MJ m~2 K. The influence of the curing conditions could also be shown by Bentz
(2007) who evaluated higher specific heat capacity for samples cured under water
than cured under air-moist conditions. From the results, under-water curing of the
grouting samples can be recommended as in this way complete saturation of the sam-
ples can be achieved. Furthermore, easily controllable curing conditions can be main-
tained. Carbonation reactions with the CO, of the air can change the composition of
the material surface (Verein Deutscher Zementwerke e.V. 2002). Thus, by curing the
sample under water, carbonation processes at the surface of the samples can be hin-
dered. However, the curing in deionised water can cause leaching of the sample.

Hydration time

The hydration of cementitious material is a continuous process (e.g. Aitcin 2016; Bul-
lard et al. 2011). Thus, the age of the grouting samples has to be considered for the
analyses of thermal properties. Hence, thermal conductivity and specific heat capac-
ity are measured dependent on the hydration time (Fig. 5). The samples are cured
under water and measured at specific measurement days up to a hydration time of a
year, to gain representative measurement values for the long-time development. Since
the volumetric heat capacity of water-saturated samples is calculated with the wet
bulk density and the water content, Fig. 5¢ and d complementary show these values
about the hydration time. Volumetric heat capacity is not shown, as wet bulk density
is not evaluated for the entire hydration time.

(See figure on next page.)

Fig.5 Thermal conductivity (a), specific heat capacity (b), wet bulk density (c) and water content (d) with
increasing hydration times. Measurement uncertainties of the specific heat capacity below 0.01 kJ kg™ K™
are not shown. Values from single measurements are marked as open circles. The dashed line represents
the reference value at 28 days. Sample preparation: mixed at 2000 rpm, cured under water and measured at
room temperature (20 °C)
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Regardless of the material composition, from 7 and 14 days, respectively, no signifi-
cant influence of the hydration time on the thermal conductivity and the specific heat
capacity is observed. The variations of the values lie within the range of the measure-
ment error. Changes caused by the ongoing hydration process cannot be resolved by the
measurements. By comparing the specific heat capacities (Fig. 5b) and the water con-
tents (Fig. 5¢c), higher values in the water content directly result in higher values of the
specific heat capacity, e.g. for material M4 at 182 days. The wet bulk density of the sam-
ples shows little change during the analysed hydration time, indicating that the volumet-
ric heat capacity does not change with later hydration times as well.

The results of this study follow the findings of other studies conducted about ther-
mal conductivity (Bentz 2007). Most reaction processes, where free water is chemically
bound into silicate hydrate phases, take place within the first hours and days (Stark and
Wicht 2013). From there on, only marginal changes in the chemistry of the materials are
expected. Regarding the specific heat capacity of concrete, Schutter and Taerwe (1995)
studied the early hydration stage (1-7 days). They showed a decrease in the specific heat
capacity with an increasing degree of hydration in the order of magnitude of about 13%.
Comparable results with cement paste were obtained by Bentz (2007). They showed that
during the early hydration stage (<7 days), the specific heat capacity decreased signifi-
cantly before it reached an almost constant value. Measurement of the samples <7 days
is therefore not conducted during this study. At earlier time data, the strength of the
sample is low. Handling of the sample is difficult. To maintain the integrity of the sam-
ple, only > 7 days’ measurements are conducted. However, for shallow geothermal energy
systems, the comparison of this study aims to identify a value that is representative of
the material during the application (>>7 days). In some standards, the measurement of
material properties at 28 days of hydration time is stated (Deutsche Norm 2016a; Verein
Deutscher Ingenieure 2019). Figure 5 highlights that this value can be used representa-

tively for more mature samples.

Influence of the water—solid ratio (W/S)

The W/S of the studied materials ranges from 0.3 to 0.8. Furthermore, variation (5%
and £ 10%) of the water content of the value recommended by the manufacturer is ana-
lysed for materials M1 (W/S=0.8), M6 (W/S=0.57) and M7 (W/S=0.45) to extend the
data. Figure 6 shows how the water content, wet bulk density and porosity as well as the
thermal properties of saturated samples depend on the W/S.

The calculated correlations are based on values from varying grouting materials.
Regarding this, the correlations do not represent definite physical or chemical rela-
tionships, however, highlight to what extent the W/S influences the properties of the
grouting materials. There is a clear linear relationship between the W/S and the corre-
sponding water content for the materials analysed in this study (Fig. 6a). The W/S is the
ratio of the water mixed with the raw grouting material (powder). During the hydration
of a cement, free water is chemically bound into silicate hydrate phases (Schutter and
Taerwe 1995; Stark and Wicht 2013). Thus, water in hardened cement can be present as
free water, physically bound water or chemically bound water. Experimentally, it cannot
easily be distinguished between the three different types of water. However, the evapo-
rable water, as determined with the water content, includes mainly the free water, the
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physically bound water and part of the chemically bound water (Adam 2006). In a closed
system (curing under water), the amount of water cannot be reduced. Thus, the decrease
of the water content as compared to the W/S describes the amount of water that is no
longer accessible as evaporable water. The amount of chemically bound water depends
mainly on the cement content, the clay content and other additives (e.g. plasticisers, liq-
uifiers) of the raw material. Following the relationship between W/S and the water con-
tent, Fig. 6a shows with a degree of determination of 0.97 that about 10% of the added
water is bound chemically for the analysed materials.

There is a nearly linear relation between the W/S and the wet bulk density (Fig. 6b) for
the analysed W/S range of 0.3 to 0.8. Higher W/S result in lower densities. The varying
amounts of different additives (e.g. quartz, graphite) are leading to deviations from the
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linear correlation. Accordingly, higher W/S result in higher porosities (Fig. 6¢). Porosi-
ties are analysed in the range of 0.43 to 0.66. With higher porosities, lower thermal con-
ductivities are expected. However, Fig. 6d shows that between the W/S and the thermal
conductivities measured in this study, no general relationship can be established.

The thermal conductivities of the analysed samples range from 0.9 to 1.8 W m™! K.
The grouting materials have varying amounts of different additives (e.g. silica sand,
graphite). This effect superimposes the effect of the W/S. However, for the same mate-
rial at varying W/S, lower thermal conductivities with higher W/S are evaluated. In
contrast, the specific heat capacities of saturated samples show a strong dependence
on the W/S (Fig. 6d). This relation is not surprising, as the specific heat capacity of a
composite is the weighted arithmetic mean of the specific heat capacity of the compo-
nents [Eq. (4)]. The specific heat capacities of the dry samples (at 20 °C) show only minor
variations between 0.76 to 0.92 k] kg™! K™, with an average value of 0.83 k] kg™* K.
The specific heat capacity of water is higher than that of one of the mineral components
(=418 K] kg~! K~! at 20 °C). Hence, the specific heat capacities of the saturated sam-
ples mainly depend on the water content, which also depends on the porosity. Higher
specific heat capacity of water-saturated samples with higher W/S was also shown by
other studies (Bentz 2007; Kim and Oh 2019; Marshall 1972). Concerning the volumetric
heat capacity, the decreasing effect of the W/S on the wet bulk density and the increas-
ing effect of the W/S on the specific heat capacity of the saturated samples superimpose
each other. However, the increasing effect of the specific heat capacity of the water is
stronger than the decreasing effect of the density.

Estimation of the volumetric heat capacity
The W/S values as analysed in this study range from 0.3 to 0.8, which is common for
commercially available grouting materials in Germany. Here, an estimation of the volu-
metric heat capacity of saturated grouting materials is proposed.

Based on the results of this study, the following assumptions are made:

(1) The specific heat capacities of dried grouting materials can be estimated with an
average value of 0.8340.05 k] kg™! K~! at 20 °C based on the measurements of the
specific heat capacity of the grouting materials in this study.

(2) An empirical relationship between the W/S and the water content of grouting
materials can be determined (Fig. 6a).

(3) The wet bulk density can be estimated with the suspension density. Figure 7 shows,
that wet bulk density is close to the density of the suspension. The maximum differ-
ence for the evaluated materials is only 2.7%, which is expected in a closed system
like the laboratory. Apparently, diffusion and exchange processes occur only to an
insignificant extent.

With these assumptions, a relationship is derived to estimate the volumetric heat
capacity of grouting materials that can be applied only with the information available at
a construction site, namely the measured suspension density and the W/S given by the
manufacturer. The following equation summarises the calculation of the estimated volu-
 [MJ kg ' K™'] at 20 °C:

metric heat capacity pc,,
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PCpest = Psus(C xW/Sxcpw+(1—CxW/S) x Cp,d)

The coefficient C is empirically derived from the correlation between W/S and the

= psus <0.89W/S X 418MJm 3K ! +0.11W /S x 0.83M]m—31<—1)

(10)

water content (Fig. 6a). Figure 8 demonstrates that a feasible estimate can be obtained.

All estimated values are in the error range of£5%. The average difference
between estimate and measurement value is only 1.7%. Thus, the estimated values
are more accurate than values analysed with THW and TPS methods, which have a
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measurement accuracy of about 5-10%. Deviations can be explained by the compo-
sition of the materials and by the uncertainty of the combined measurement value
of the volumetric heat capacity, which is calculated from three independent meas-
urements. For planners of shallow geothermal energy systems, this estimation can
provide valuable information. However, for this estimation, the mineralogical and
chemical composition of the grouting sample is assumed to have a negligible influ-
ence compared to the W/S. This can result in a higher uncertainty of the estimate for
materials with significantly different compositions. In addition, it has to be empha-
sised that this relationship is only valid for the comparisons conducted in this lab-
oratory study. Further information on the behaviour and the properties of grouting
materials at field conditions is therefore needed to validate our assumptions also for
field sites.

Conclusion

In this study, analytical procedures for the determination of the thermal properties of
grouting materials are evaluated. The influence of the measurement method and the
sample preparation procedure on thermal conductivity and volumetric heat capac-
ity is comprehensively investigated. Seven different grouting materials with varying
water—solid ratios (W/S) and compositions are analysed. From the results of this

study, we conclude the following:

(1) Several evaluated factors have only a minor influence on determining the thermal
properties, such as mixing speed, curing conditions, and hydration time. Further-
more, the transient methods applied to measure thermal conductivity provide con-
sistent results.

(2) The results indicate that thermal conductivity values from different studies using
various analysis procedures are quite comparable.

(3) For determining the volumetric heat capacity, the measurement method is shown
to have a major influence on the results. The DSC method is the most precise
method with measurement uncertainties of <1%. An alternative estimation pro-
cedure based on the relation between W/S, water content and volumetric heat
capacity achieved better estimation of the volumetric heat capacity of the grout-
ing materials than measurement with the transient methods (<+5%). Hence, the
results from the transient methods should be used with caution regarding grouting

materials.

Based on our findings, recommendations for standardised analysis of thermal con-
ductivity and volumetric heat capacity of grouting materials are made:

(1) Mixing of the raw material at a high mixing speed (for the dissolver used in this
study 2000 rpm).

(2) Curing the samples under water for 28 days at room temperature.

(3) Measuring thermal conductivity with transient measurement methods using sur-
face probes at the original sample condition.
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(4) Analysing the water content and wet bulk density. Using dried, ground samples for
measurement of the specific heat capacity with differential scanning calorimetry
(DSC). Subsequently, calculating the volumetric heat capacity.

In addition, an estimation procedure of volumetric heat capacity is introduced that
can be applied with the information available at a construction site. The estimation is
based on the data of this study including materials with varying compositions and W/S.
The verification of the estimation method with other materials is planned.

Future studies should focus on the validation of the developed methods in this study.
A comparison of laboratory results and field studies is therefore necessary to investi-
gate the suitability of the proposed laboratory methods for determining effective in situ
thermal properties of grouting materials. The analysis of grouting samples at saturated
conditions represents an optimal case for the grouting material. In the field, the satura-
tion however can vary from this assumption due to grouting in the vadose zone under
seasonal changes and varying heat loads of the shallow geothermal system.

Abbreviations

BHE Borehole heat exchanger

CLSM  Controlled low strength material

DIN Deutsches Institut fir Normung (German Institute for Standardisation)
DSC Differential scanning calorimetry

GSHP  Ground source heat pump

PVC Polyvinyl chloride

RH Relative humidity

RMSE  Root mean square error

THW  Transient hot wire

TPS Transient plane source

W/S Water-solid ratio

VDI Verein Deutscher Ingenieure (Association of German Engineers)
Latin and Greek symbols

a Thermal diffusivity [m? s~']

C Empirically derived coefficient

o Specific heat capacity [k) kg™ K]

Coa Specific heat capacity of the dry sample [kJ kg=' K™]
Cor Specific heat capacity of the humid sample [kJ kg™ K]
Com Specific heat capacity of water [kJ kg™ K]

d Day(s)

A Thermal conductivity [Wm~"K™]

n Number of measurements

[0} Porosity [—]

@ Water-filled pore space [—]
Ob Wet bulk density [g cm ™3]

04 Dry bulk density [g cm™]

0 Solid density [g cm™]

Psus Suspension density [g cm ™3]

O Density of water [g cm ]

Jele Volumetric heat capacity [MJ m K]

0,y Volumetric heat capacity of the dry sample [MJ m™ K]
pc,;  Volumetric heat capacity of the wet sample [MJ m™ K]
Pearson coefficient

Degree of determination

Standard deviation

Saturation [—]

Temperature [°C]

Time [s]

Standard uncertainty

Water content [—] or [%]

Measurement value

Arithmetic mean of all measurement values
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