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Although the thermal properties of soil and rock are strongly affected by moisture content, a number of
previous experimental studies on the grouting materials used in vertical borehole heat exchangers (BHEs)
have assessed their thermal properties under saturated and dried conditions. These studies have focused
primarily on measurement and improvement of thermal conductivity. However, recent numerical studies
on vertical BHEs reported that when a vertical BHE is under intermittent operation both the thermal
conductivity of the grouting material and its high specific-heat capacity have a positive effect on the
performance of the BHE. Moreover, because both the specific-heat capacity and thermal conductivity of
the grouting material are essential parameters when numerically simulating vertical BHEs, they should
be investigated together. In this study, cementitious grout specimens were prepared for use in vertical
BHEs with different water/cement (w/c) and sand/cement (s/c) ratios, and their thermal conductivity
and specific-heat capacity under saturated, air-dried, and partially saturated conditions were measured.
Furthermore, the relationships of the mixing ratio of cementitious grout, degree of saturation, and
thermal properties were analyzed. The thermal conductivity and specific-heat capacity of cementitious
grout decreased by 15.56-38.30% and 11.79-22.34%, respectively, under air-dried rather than saturated
conditions. Moreover, under partially saturated conditions, the thermal conductivity and specific-heat
capacity of cementitious grout decreased linearly with the degree of saturation. The thermal conductivity
of the cementitious grout was more significantly affected by variations in the s/c ratio than in the w/c
ratio, while the specific-heat capacity was affected by the amount of water in voids. The results were
used to derive empirical equations to predict the thermal properties of cementitious grouts with various
mixing ratios, which are expected to be useful for further studies on vertical BHEs.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

mentally friendly and inexhaustible. Notably, the US Environmental
Protection Agency (EPA) reported that GSHP systems are the most

Heating, ventilation, and air conditioning (HVAC) systems are
the primary sources of energy consumption in residential and
commercial buildings. In 2017, the residential and commercial
sectors used approximately 39% of the total energy consumed in
the United States [1,2]. In addition, in spite of the international
requirements for reducing greenhouse gas emissions, residential
and commercial buildings are large contributors to carbon dioxide
(CO,) emissions [3]. Therefore, various attempts have been made
to reduce greenhouse gas emissions and optimize the energy
consumption of HVAC systems. [4-8]. Among HVAC technolo-
gies, ground source heat pump (GSHP) systems are the most
energy-efficient examples currently on the market [9].

GSHP systems are preferred as alternative-energy systems be-
cause they use heat energy from the Earth, which is both environ-
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energy-efficient, clean and cost-effective space-conditioning sys-
tems available [10]. GSHP systems use the ground as a heat sink
for cooling, or as a heat source for heating. Worldwide, most GSHP
systems use vertical borehole heat exchangers (BHEs), which usu-
ally offer higher energy performance due to the lower temperature
fluctuations in the ground [11,12]. When a vertical BHE is installed,
a borehole with a diameter of 0.1-0.3 m and a depth of 50-200 m
is drilled into the ground [13]. Afterwards, a U-tube high-density
polyethylene (HDPE) pipe is placed in the borehole. The bore-
hole is then filled with grouting materials, such as bentonite or
cement (Fig. 1). Because vertical BHEs exchange heat with the
surrounding ground by circulating a fluid, such as pure water or
antifreeze, through the U-tube HDPE pipe, the grouting materials
in the borehole should have high thermal conductivity to facilitate
efficient heat transfer between the BHE and the surrounding
ground. However, pure grouting materials such as cement and
water and bentonite and water mixes have relatively low thermal
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Fig. 1. Schematic diagram of a vertical borehole heat exchanger (BHE) with a U-
tube high-density polyethylene (HDPE) pipe.

conductivity, which is unfavorable for heat transfer [14]. Hence,
various studies have been carried out to address this problem.

Remund and Lund [15] measured the thermal conductivity of
bentonite grouts mixed with various additives (masonry sand,
limestone, quartzite etc.), and reported that most of the additives
increased thermal conductivity by up to 100%. Omer [16] carried
out laboratory tests to evaluate the thermal conductivity of ben-
tonite grouts with additives of fine or coarse sand and reported
an optimal percentage of bentonite in the dry mass of 10-12%. Lee
et al. [17] prepared seven types of bentonite grouts using silica
sand or graphite as additives and evaluated their thermal conduc-
tivity and viscosity. They found that while thermal conductivity
rose with increasing additive content, viscosity also increased.

One of the problems with bentonite grouts is that they are
susceptible to shrinkage and cracking due to moisture loss [18].
Therefore, they have gradually been replaced with cementitious
grouts, which are relatively inexpensive and easy to work [19,20];
their properties have been well characterized.

To confirm the overall applicability of cementitious grouts,
Park et al. [21] prepared cementitious grouts with various mix
proportions and investigated their thermal conductivity, uncon-
fined compression strength, and equivalent hydraulic conductivity.
Allan and Kavanaugh [20] measured the thermal conductivity of
cementitious grout and bentonite grout using silica sand as an
additive and reported that cementitious grout had higher thermal
conductivity than bentonite grout. Allan and Philippacopoulos
[22] evaluated the thermal, mechanical, and hydraulic properties
of cementitious grouts, and developed a grout mix (MIX 111)
containing silica sand. Alrtimiri and Rouainia [23] measured the
thermal conductivity of cementitious grouts mixed with sand,
fluorspar, glass and pulverized fuel ash (PFA), and found that
cementitious grout had high thermal conductivity when mixed
with fluorspar, coarse ground glass, and PFA.

Recent numerical studies on vertical BHEs reported that, in
intermittent operation mode, increasing both the thermal con-
ductivity and specific-heat capacity of the grouting material has
a positive effect on the performance of vertical BHEs [24,25]. The
system is in intermittent operation mode when it is switched on
or off based on the heating or cooling demands of residential and
commercial buildings. Vertical BHE systems are generally operated
in this mode [26]. However, previous experimental studies have fo-
cused primarily on measurement and improvement of the thermal
conductivity of grouting materials and ignored the specific-heat
capacity. Also, the thermal properties of soil or rock are strongly
affected by their moisture content [27-29]. Therefore, after a ver-
tical GHE has been installed, fluctuations in the groundwater level,
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Fig. 2. Grain-size distribution curve of natural silica sand.

Table 1
Mix proportions of the cementitious grout specimens.

Specimen no.  Water/Cement ratio  Sand/Cement ratio
WC03-SC00 0.3 0

WC03-5SC05 0.3 0.5

WC03-5C10 0.3 1

'WC04-SC00 0.4 0

WC04-SC05 0.4 0.5

WC04-5C10 0.4 1

WC05-SC00 0.5 0

WC05-SC05 0.5 0.5

WC05-SC10 0.5 1

rainfall infiltration, and evapotranspiration can affect the moisture
content of both the grouting material and the surrounding ground,
and by extension their thermal properties. However, the afore-
mentioned previous experimental studies investigated the thermal
conductivity of grouting materials only under saturated and dry
conditions. Moreover, the effects of varying the moisture content
on the thermal properties of grouting materials have rarely been
investigated. The handful of studies that have investigated these
effects have focused on thermal conductivity [30,31] and neglected
specific-heat capacity. Furthermore, because both the thermal
conductivity and specific-heat capacity of grouting materials are
essential parameters for numerical simulations of vertical BHEs,
they should be investigated together.

In this study, the thermal conductivity and specific-heat capac-
ity of cementitious grouts used for vertical BHEs were investigated.
Nine types of cementitious grout specimens with different wa-
ter/cement (w/c) and sand/cement (s/c) ratios were prepared, and
their thermal conductivity and specific-heat capacity were mea-
sured under saturated, air-dried, and partially saturated conditions.
The relationships of the mixing ratio of cementitious grouts, degree
of saturation, and thermal properties were also analyzed. The re-
sults were then applied to derive empirical equations for the ther-
mal properties of cementitious grouts with various mixing ratios.

2. Materials and methods
2.1. Mix proportions and specimen preparation

The cement used in this study was ordinary Portland cement
(ASTM TAYPE I). Natural silica sand was used as an additive to
increase the thermal conductivity of the cementitious grout, and
its grain size distribution is plotted in Fig. 2. Nine mix propor-
tions of cementitious grouts, with different (w/c) and (s/c) ratios,
were tested, as used in previous studies [25]. These are listed in
Table 1. For each mix proportion, three cylindrical specimens were
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Fig. 3. (a) Prepared experimental specimens, (b) SH-1 sensor.
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Fig. 4. Schematic representations of (a) KD2 pro and (b) SH-1 sensor.

prepared with NX length to diameter ratio (5cm diameter x 10 cm
height) (Fig. 3(a)).

Due to the shape of the thermal property measurement sensor
used in this investigation (Fig. 3(b)), the specimens were manu-
factured as follows: uncured cementitious grout was mixed and
placed in the NX mold. After applying Vaseline to the pilot pin,
which was the same size as the sensor, the pin was inserted into
the specimen. The pin was removed after 24 h. Subsequently, the
specimen was demolded and cured at room temperature for 28
days.

2.2. Measurement of thermal properties

The device used to measure thermal properties was a KD2-PRO
(Decagon Manufacturing Co., Ltd.), which has an LCD display
and a keypad (Fig. 4(a)). Either single- (KS-1, TR-1, RK-1) or
double-needle sensors (SH-1) can be mounted onto a KD2-PRO.
Single-needle sensors can measure only thermal conductivity and
resistivity. However, a double-needle sensor can measure thermal
conductivity, thermal resistivity, volumetric specific heat and
thermal diffusivity. Therefore, in this study, the thermal proper-
ties of the specimens were measured using an SH-1 sensor. The
specifications of the SH-1 sensor are shown in Table 2 [32].

The KD2-PRO measures the thermal properties of the medium
using the transient line heat source method [32], and the mea-
surement principles of the SH-1 sensor are as follows. Of the two

needles of an SH-1 sensor, one is a line-source heater, which is
subjected to a heat pulse, and the other is a thermocouple, which
is used to monitor the temperature (Fig. 4(b)). After inserting the
SH-1 sensor into a medium, a heat pulse is applied to the heater
and the temperature at the thermocouple is recorded as a function
of time. The thermocouple’s temperature response to the heat
pulse is used to evaluate the thermal conductivity and thermal
diffusivity simultaneously. The volumetric specific-heat constant is
then determined based on these parameters [33].

The volumetric specific heat (cy, J/m3-K) of a medium is defined
as:

Ch=Cnx P (1)

where, ¢ (J/kg-K) and p (kg/m3) are the specific-heat capacity and
the wet-bulk density at the time of the volumetric-heat-capacity
measurement, respectively.

As p = pgx (1+wge), the specific-heat capacity (cpn) of a
medium is

Cy

= Pex (L Wa) @)

Cm
where, p4 (kg/m3) is the dry-bulk density and wq is the moisture
content at the moment of the volumetric-heat-capacity measure-
ment. Moreover, wq refers to the water-mass percentage filling of

voids inside the specimen and is added to the equation as a mul-
tiplication factor of pg.
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Table 2
Specifications of the SH-1 sensor.

Size Range

Accuracy Measurable materials

—1.3 mm diameter
x 30 mm length, 6-mm
spacing

- 0.02 to 2.00W/m-K (thermal
conductivity)

- 0.5 to 4 mJ/m3.K (volumetric specific
heat)

- 0.1 to 1 mm?/s (thermal diffusivity)

- 4+ 10% from 0.2-2 W/m-K (thermal
conductivity)
- £ 10% at conductivities above
0.1 W/m-K (volumetric specific heat)
- + 10% at conductivities above
0.1 W/m-K (thermal diffusivity)

- concrete, rock, moist soil,
dry soil, powders,
granular materials and
other solids

Eq. (2) was used to calculate the specific-heat capacity (cn) of
the specimen [34].

To obtain the values of the saturated and dry bulk densities,
which are required to calculate the specific-heat capacity and
porosity of the specimens, their dry unit weights were mea-
sured after oven-drying the cured specimens at 105 + 2°C for
2 days. Then, after water saturation by immersion for 5 days, their
saturated unit weights and thermal properties were measured.
To investigate the specimens’ thermal properties under partially
saturated conditions, one specimen of each mix proportion was
selected at random. The selected specimens were then dried at
room temperature (22 + 2°C) and their thermal properties and
weights were measured continuously for 30 days, by which time
the measured values stopped varying significantly. When the ther-
mal properties of the specimens were measured, thermal grease
was applied to the sensor to provide optimal contact between the
sensor and the specimen [32]. The thermal properties were evalu-
ated under air-dried conditions by drying the other specimens for
30 days and measuring their thermal properties.

In this study, the changes in the moisture content of the speci-
mens were represented by the degree of saturation

_ Wt — Wdry (3)
Wear — Wdry

where S is the degree of saturation, Wy is the specimen unit

weight at the time of measurement (g), and Wy, and Wy, are

the unit weights of the specimens under oven-dried and saturated
conditions (g), respectively.

S

3. Results and discussion
3.1. Thermal properties under saturated and air-dried conditions

Previous experimental data were used to validate the experi-
mental results. In a previous study, Kim et al. [25] investigated the
thermal conductivity and specific-heat capacity of cementitious
grouts under saturated and oven-dried conditions. Their grouts
were prepared with the same mix proportions as those used
in this study. Fig. 5(a,b) shows the thermal conductivity and
specific-heat capacity of each specimen, measured under saturated
conditions in the present study and in the previous study [25].
The results of this study are in good agreement with the previous
experimental results [25]. Specifically, under saturated conditions,
the thermal conductivity increased as the w/c ratio decreased and
the s/c ratio increased, while the specific-heat capacity decreased.
Moreover, the percentage differences in thermal conductivity and
specific-heat capacity between the present and previous studies
are small, at 1.23-9.57% and 0.34-7.55%, respectively. Therefore,
the experimental results are reliable.

Table 3 summarizes the mean density and porosity of each
specimen. As the w/c ratio decreased and the s/c ratio increased,
the saturated and dry densities increased, while the porosity de-
creased. These results are consistent with those of a previous study
[25]. Table 4 shows the mean thermal properties of each speci-
men, measured under saturated and air-dried conditions. When
compared with the results obtained under saturated conditions,
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Fig. 5. Comparison between the results of the present study and a previous study:
(a) thermal conductivity, (b) specific-heat capacity.

the thermal conductivity under the air-dried conditions decreased
by 15.56-38.30%, and the specific-heat capacity by 11.79-22.34%.
Moreover, the thermal properties diminished more as the w/c
ratio increased and the s/c ratio decreased. This was due to the
influence of porosity. Fig. 6 (a,b) shows the relationship between
porosity and the reduction rate of the thermal properties. Here,
the porosity represents how much of a specimen’s interconnected
void was accessible to water or air, and the reduction rate of the
thermal properties was calculated as:

(TF; — TF)

Reduction rate (%) = P
5

100 (4)
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Table 3
Density and porosity of specimens.

Specimen no.

Saturated density (kg/m3)

Dry density (kg/m3)  Porosity (%)

WC03-SC00 2134
WC03-SC05 2229
WC03-5C10 2255
WC04-SC00 2043
WC04-SC05 2212
WC04-SC10 2227
WC05-SC00 1954
WC05-SC05 2092
WC05-SC10 2211

1864 26.85
2028 16.54
2128 13.69
1694 40.22
1981 28.52
2047 20.19
1555 45.09
1793 35.01
1984 24.53

Table 4

Thermal properties of specimens measured under saturated and air-dried conditions.

Specimen Thermal conductivity (W/m-K) Specific-heat capacity (J/kg-K)
no.
Saturated condition  Air-dried condition = Reduction rate (%)  Saturated condition  Air-dried condition = Reduction rate (%)
WC03-SC00  1.06 0.79 25.75 1216 1009 17.03
WCO03-SC05  1.62 1.28 20.99 1056 917 13.12
WC03-SC10  1.87 1.58 15.56 1030 909 11.79
WC04-SC00  1.00 0.69 31.20 1350 1070 20.78
WC04-SC05  1.56 1.19 23.97 1173 949 19.11
WC04-SC10  1.82 1.50 17.53 1073 942 12.18
WC05-SC00  0.94 0.58 38.30 1621 1259 22.34
WC05-SC05  1.45 1.10 24.48 1256 988 21.34
WC05-SC10  1.79 1.40 21.84 1185 983 17.03
Table 5 Table 6

Linear regression equations and coefficients between the thermal con-
ductivity and degree of saturation for each specimen.

Specimen no. Liner regression equation R?

WC03-SC00 TC = 0.42S + 0.64 0.97
WC03-5C05 TC = 0.51S + 1.09 0.98
WC03-5C10 TC = 0.52S + 1.37 0.98
'WC04-SC00 TC = 0.41S + 0.59 0.97
WC04-SC05 TC = 0.49S + 1.06 0.98
WC04-SC10 TC = 0.51S + 1.38 0.97
WC05-SC00 TC = 0.40S + 0.54 0.99
WC05-SC05 TC = 0.46S + 0.99 0.98
WC05-SC10 TC = 0.48S + 1.32 0.96

where TP; and TPs are the mean thermal conductivity or specific-
heat capacity of each specimen under air-dried and saturated
conditions, respectively.

As shown in Fig. 6 (a,b), the higher the porosity of the spec-
imen, the higher the reduction rate of the thermal properties.
Under saturated conditions, the voids in the specimen filled with
water, while under air-dried conditions, the voids were filled
mainly with air. Water has a higher thermal conductivity and
specific-heat capacity than air: 0.6 W/m-K and 4182]/kg-K versus
0.025W/m-K and 1005]/kg-K at 20 °C, respectively [35,36]. There-
fore, the higher the porosity of the specimen, the more water
or air can fill the void, thus increasing the reduction rate of the
thermal properties under both saturated and air-dried conditions.

3.2. Thermal properties under partially saturated conditions

Fig. 7 shows the relationship between the thermal conductivity
and degree of saturation of the specimens. Table 5 lists the linear
regression equations for the thermal conductivity (TC, W/m-K) and
degree of saturation (S) of the specimens with the coefficient of
determination, R2. The thermal conductivity decreased linearly as
the degree of saturation decreased. With equal degrees of satura-
tion, the thermal conductivity increased as the w/c ratio decreased
from 0.5 to 0.3 and the s/c ratio increased from 0 to 1. Moreover,
the thermal conductivity decreased more steeply with decreasing

Linear regression equations and coefficients between the specific-heat
capacity and degree of saturation of each specimen.

Specimen no. Liner regression equation R?

WC03-SC00 SHC = 308S + 890 0.96
WC03-5C05 SHC = 137S + 866 0.95
WC03-5C10 SHC = 68S + 903 0.80
WC04-SC00 SHC = 320S + 974 0.96
WC04-SC05 SHC = 241S + 886 0.96
WC04-5C10 SHC = 123S + 913 0.78
WC05-SC00 SHC = 467S + 1137 0.87
WC05-SC05 SHC = 248S + 931 0.93
WC05-5C10 SHC = 219S + 942 0.87

saturation. This was due to the reduction in porosity caused by
the increase in the s/c ratio or the decrease in the w/c ratio. As
mentioned above, water has a significant influence on the thermal
properties of a medium. Moreover, the lower the porosity, the less
water is retained within the voids. In other words, the lower the
porosity, the lower the moisture content with the same degree
of saturation. Therefore, the lower the porosity of the specimen,
the more steeply the thermal conductivity decreases. Also, as
shown in Fig. 7, under partially saturated conditions the increase
in thermal conductivity caused by the increase in the s/c ratio was
much more pronounced than that caused by the decrease in the
w/c ratio. This indicates that increasing the s/c ratio has a greater
effect on the increase in thermal conductivity of a cementitious
grout than increasing the wjc ratio. This effect was observed over
the whole range of saturation values tested.

Fig. 8 shows the relationship between the specific-heat capacity
and degree of saturation of the specimens. Table 6 summarizes
the linear regression equations of the specific-heat capacity (SHC,
J/kg-K) and degree of saturation (S) of the specimens with the co-
efficient of determination, R2. The specific-heat capacity decreased
linearly with decreasing saturation. In general, the specific-heat
capacity at equal degrees of saturation was higher when the w/c
ratio increased from 0.3 to 0.5 and the s/c ratio decreased from 1
to 0. Moreover, the specific-heat capacity decreased more steeply
with decreasing saturation. However, the changes in specific-heat
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Fig. 6. Relationship between the porosity and reduction rate of the thermal prop-
erties: (a) thermal conductivity, (b) specific-heat capacity.

capacity caused by varying the mixing ratio were not as clearly
distinguished as the changes in thermal conductivity, as shown in
Fig. 7. Particularly with decreasing w/c ratios and increasing s/c
ratios, the difference in specific-heat capacity at equal degrees of
saturation decreased. That is, when comparing WC05-SC05 with
WC05-SC10, WC04-SC05 with WC04-SC10, and WC03-SC05 with
WC03-SC10, the differences in specific-heat capacity were small.
Moreover, as the degree of saturation declined, this difference
almost disappeared, due to the influence of the water’s high
specific-heat capacity and the decline in the porosity caused by
the increase in the s/c ratio or the decrease in the wj/c ratio.
The specific-heat capacity of water is higher than that of any
other common material. Moreover, the higher the porosity of the
specimen, the more voids there are for water to fill. Therefore,
under partially saturated conditions, the specific-heat capacity of
the cementitious grout was affected by the amount of water in the
voids. Table 7 shows the linear regression relationship between
the degree of saturation (S) of each specimen and the amount of
water (AW, g) retained by the specimen at that degree of satu-
ration. Fig. 9 shows the relationship between the gradient values
in Tables 6 and 7. As shown in Fig. 9, the gradients are highly
correlated. These results indicate that, under partially saturated
conditions, the specific-heat capacity of cementitious grouts is
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Fig. 7. Relationship between the thermal conductivity and degree of saturation of
the specimens.
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Fig. 8. Relationship between the specific-heat capacity and degree of saturation of
the specimens.

Table 7

Linear regression equations and coefficients between
the amount of retained water and the degree of sat-
uration for each specimen.

Specimen no.  Liner regression equation ~ R?

W(C03-SC00 AW = 50.11S 1.00
WC03-SC05 AW = 38.57S 1.00
WC03-SC10 AW = 24.05S 1.00
WC04-SC00 AW = 62.80S 1.00
WC04-SC05 AW = 40.85S 1.00
WC04-SC10 AW = 32.17S 1.00
W(C05-SC00 AW = 68.49S 1.00
WC05-SC05 AW = 54.31S 1.00
WC05-SC10 AW = 40.04S 1.00

significantly influenced by the amount of water retained within
their voids.

3.3. Development of empirical equations for predicting thermal
properties

In previous studies [37-40], cementitious grouts with various
proportions of sand, which was used as an additive, were tested
in actual sites. Therefore, if empirical equations are developed
to predict the thermal properties of cementitious grout with
various mixing ratios, they can be used for numerical analysis of
the heat transmission and installation configurations of GSHPs.
Hence, empirical equations to predict the thermal conductivity
and specific-heat capacity of cementitious grouts with various
mixing ratios under partially saturated conditions were derived
based on the results presented in this paper.
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Fig. 9. Relationship between the gradient values in Tables 6 and 7.

In this study, the thermal conductivity and specific-heat ca-
pacity of cementitious grout decreased linearly with decreasing
saturation. Also, as the w/c ratio decreased, and the s/c ratio
increased, the thermal conductivity was higher with the same
degree of saturation. The thermal conductivity decreased more
steeply with decreasing saturation. However, the specific-heat
capacity increased when the degree of saturation was held con-
stant, but the w/c ratio increased, and the s/c ratio decreased. The
specific-heat capacity decreased more steeply when the degree
of saturation decreased. Therefore, a multiple regression analysis
with thermal conductivity and specific-heat capacity as depen-
dent variables was carried out, with the w/c ratio, s/c ratio, and
degree of saturation as independent variables. The SPSS statistical
package (IBM Corp., Armonk, NY, USA) was used for the multiple
regression analysis and empirical equations were derived based
on the results. The empirical equations derived from the multiple
regression analysis are defined in Egs. (5) and (6).

TC = —0.85 x WC+0.83 x SC+0.48 x S+0.91 (adj.R* = 0.98)
Q)

SHC = 941 x WC — 203 x SC+230 x S+ 667 (adj.R* = 0.77)

(6)
where, TC, SHC, WC, SC, and S are the thermal conductivity
(W/m-K), specific-heat capacity (J/kg-K), w/c ratio, s/c ratio, and
degree of saturation, respectively.

Fig. 10 (a, b) shows the relationships of the measured thermal
properties and predicted thermal properties calculated using the
empirical equations. The deviation between the measured thermal
properties and the predicted thermal properties is generally less
than 10%. However, the empirical equation for the specific-heat
capacity did not agree as well with the measurements results as
that of the thermal conductivity. This was thought to be due to the
influence of the specimens with the highest and lowest specific-
heat capacities, i.e., WC05-SC00 and WC03-SC10, respectively. As
shown in Fig. 9(b), as the specific-heat capacity of WC05-SC00
increased or the specific-heat capacity of WC03-SC10 decreased,
the values derived from the plots representing the relationship
between measured and predicted specific-heat capacities become
negative, i.e., close to the —10% line, but the points for the other
specimens are near the middle line of the graph, or positive, i.e.,
close to the +10% line. Therefore, the SH-1 sensor used in this
study seems to be less accurate in the cases of small and large
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Fig. 10. (a, b). Relationships of the measured thermal properties and predicted ther-
mal properties: (a) thermal conductivity, (b) specific-heat capacity.

specific-heat capacities, i.e., when the specific-heat capacity is less
than 950]/kg-K or greater than 1350]/kg-K. However, additional
studies should be carried out to investigate this issue, because
other factors may be important.

4. Conclusions

In this study, the thermal properties of cementitious grouts
used for vertical BHEs were measured under saturated, air-dried,
and partially saturated conditions. The relationships of the mixing
ratio of the cementitious grouts, degree of saturation, and thermal
properties were also analyzed. The results were as follows:

(1) Compared with the saturated condition, the thermal con-
ductivity and specific-heat capacity of the cementitious
grout under air-dried conditions decreased by 15.56-38.30%
and 11.79-22.34%, respectively. Moreover, as the w/c ratio
increased, and the s/c ratio decreased, the reductions in
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thermal conductivity and specific-heat capacity increased.
These effects were due to the influence of porosity.

(2) Under partially saturated conditions, the thermal con-
ductivity and specific-heat capacity of cementitious grout
decreased linearly as the degree of saturation decreased.
Also, as the w/c ratio decreased, and the s/c ratio increased,
the thermal conductivity was higher with the same degree
of saturation. Decreasing the degree of saturation caused
a steeper decrease in the thermal conductivity. However,
as the w/c ratio increased and the s/c ratio decreased, the
specific-heat capacity was higher with the same degree
of saturation. The specific-heat capacity decreased more
steeply with decreasing saturation.

(3) An increase in the s/c ratio had a greater effect on the
increase in the thermal conductivity of the cementitious
grout than did a reduction in the w/c ratio, and this effect
was observed over the whole range of saturations. Also,
due to the influence of the high specific-heat capacity of
water, the specific-heat capacity of the cementitious grout
was affected by the amount of water filling voids. This
effect almost disappeared when the degree of saturation
and porosity decreased.

(4) Based on the findings of this study, empirical equations were
derived to predict the thermal conductivity and specific-heat
capacity of cementitious grout with various mixing ratios,
which are as follows:

TC = —0.85 x WC +0.83 x SC + 0.48 x S+ 0.91(adj.R* = 0.98)
SHC = 941 x WC — 203 x SC+ 230 x S + 667 (adj.R* = 0.77)

These equations can be used as input parameters for numerical
heat transmission analysis in further studies on vertical BHEs.
However, further study is required to investigate why the empiri-
cal equation for the specific-heat capacity was less well correlated
with the measurement results.
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