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ABSTRACT

This research evaluates the thermal properties of the proposed backfill materials (prepacked concrete (PAC)) that function
as the heat release medium for the underground power cable system (UPCS). First, a hot disk sensor was used to measure
the thermal conductivity of small-scale backfill materials in the laboratory. The horizontal thermal response test (TRT)
was then performed with a 5 x 3 x 2 m full-scale sample for the in-situ evaluation. Afterward, the data from the TRT was
utilized to couple with the infinite line source model (ILS) to predict the thermal conductivity of the full-scale sample.
Finally, the thermal conductivity of the PAC was back-calculated using COMSOL Multiphysics. All these tests were also
performed with natural sand (conventional backfill material) to compare with the PAC. Thermal conductivities calculated
by numerical simulation and the ILS model were in good agreement (difference < 3%), demonstrating that the proposed
ILS model coupled with horizontal TRT data is appropriate for estimating the thermal conductivity of full-scale backfill
material in situ. The results of three testing methods indicated that the prepacked concrete has a high thermal conductivity
(> 2 WI/(mK)), thus satisfying the heat release ability requirement for the UPCS. The laboratory test slightly
underestimated the thermal conductivity (less than 8%) compared to the estimated values from the ILS model and
numerical model involving prepacked concretes; however, natural sand showed a significant difference (1.365 W/(mK)
and 1.8 W/(mK), 32 %) attributed to the influence of the water content change during the TRT. Therefore, it is
recommended that the in-situ testing conditions should be considered for the sand (or soils) to avoid the overestimation
or underestimation of their thermal conductivity.
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In recent years, many types of backfilling materials
have been researched and proposed to be used as the
thermally enhanced material for the UPCS. Notably,
fluidized formula backfills, the commonly used
materials, have a high flowability and water fraction,
which ensures that the mixture fills the trench without the
need of compaction [9, 25-27]. Due to the use of a lot of
water, fluidized formula backfills when in an unsaturated
state have a much lower thermal conductivity than in a

1. Introduction

Alongside the development of society, the demand
for electrical energy is increasing. Nevertheless, the
traditional power transmission system (overhead
transmission cable lines) not only diminishes urban
beauty but also encroaches upon living space,
particularly in densely populated cities [1,2]. Over the

past few decades, underground power cable systems
(UPCS) have been widely researched and utilized to
overcome the inherent disadvantages of traditional power
transmission lines.

The unsaturated soils have low thermal conductivity,
mostly lower than 1.0 W/(m.K) [3,4] (namely at depths
of lower than 2 m, where UPCS is usually installed) [5].
UPCS operation can generate a very large amount of heat
[6,7]. If that amount of heat is not dissipated, it may cause
overheating of the cable, resulting in a fire and disruption
of the power transmission line. Therefore, thermal
backfill materials with high thermal conductivity are
developed and utilized for heat dissipation from cable to
ground [8,9].

saturated state [10]. There is another problem when using
this type of material: during backfilling, the liquid
material causes a buoyancy force, leading the UPC to
move upward and result in a change in position compared
to the original design. This study proposes a material
(prepacked aggregate concrete (PAC)) to address the
drawbacks of conventional backfill materials and
fluidized formula backfills. PAC consists of two main
components: grout and coarse aggregate. Coarse
aggregate is placed first to fix the position of the UPC by
its own gravity to avoid the flow-up of the UPC caused
by buoyancy force. Afterward, grout with high
workability is injected to fill the gaps between the coarse
aggregates. It should be noted that aggregates typically



have high thermal conductivity and low water absorption
[11,12]; therefore, using coarse aggregate and grout
together creates a mixture with a lower water content than
using grout only. Thus, it is expected that PAC has higher
thermal conductivity even under unsaturated conditions.

This study evaluates the feasibility of using a new
type of backfill material through physical properties and
thermal conductivity. First, general properties such as
flowability (for grout), unconfined compressive strength,
and bleeding, are tested. Then, its thermal conductivity
properties are evaluated through three methods: (1)
laboratory experiment using Hot Disk M1 equipment; (2)
proposing to use an infinite line source model (ILS)
combined with TRT in the field (full-scale test bed); (3)
using a finite element coded program (numerical model)
to back calculations. The consistency in thermal
conductivity of material is examined using measurement
results in laboratory conditions with small samples and in
situ working conditions (full-scale test samples).

2. Study program

2.1. Materials

The raw materials for the PAC include coarse
aggregate (i.e., gravel) and grout. The gravel diameter
was 25 mm with a porosity of 49% - 55% depending on
the degree of rod compaction. Meanwhile, for the grout
of PAC, fly ash; commercialized ultrarapid-setting
cement (URSC); and quartz sand with a particle size
ranging from 0.075 mm to 0.22 mm (70-200 mesh) were
used.

The percentage of water to solid materials in the high-
flowable grout (for PAC) was controlled within 22—-25%.
The solid material was made up of quartz powder and
binder in a 1:2 ratio. The binder consists of fly ash and
URSC with a ratio of 1:0.1.

In this study, natural sand with a specific gravity of
2.65 and a maximum diameter of 0.22 mm was used as
reference backfill material to compare with the proposed
backfill material.

2.2. Experimental methods

2.2.1. Measurement of thermal properties for
specimens

Fig. 1 presents the thermal conductivity measurement
equipment. For the natural sand and surrounding soil,
thermal conductivities were measured using a
commercial thermal properties analyzer (KD2 pro). The
dual needle with 30 mm long and 1,3 mm diameter was
used. The test was conducted following ASTM D5334
standards [13]. Regarding the PAC sample, the thermal
conductivity was measured using the Hot Disk M1
devices. This test is performed in accordance with the
1ISO 22007-2: 2015 standard [14]. A Kapton sensor with
a diameter of 2 cm was employed. The thermal
conductivity of each sample was measured three times to
ensure the reliability of the results. Notably, for the hot
disk type, the smooth surface of the sample must be
prepared to ensure the perfectly interaction between the
Kapton sensor and sample surface.

Figure 1. (above) KD2 pro, (bellow) Hot Disk M1

2.2.2. Thermal properties in-situ measurement
using thermal response test (TRT)

The TRT setup was used to estimate the thermal
conductivity of full-scale backfill material samples
(Figure 2). The test device includes a pump, flow meter,
heater, data logger, and RTD sensors. The pump used to
circulate the water has a maximum capacity of 100
L/min. The flow meter was used to measure the flow rate
of the water. The heater with a maximum capacity of 5
kW was used to increase the water temperature. In this
study, the heat input power and the flow rate were kept
constant at 1.5 kW and 8-9 I/min, respectively. The RTD
sensors were used to measure the inlet and outlet water
temperature and the backfill material temperature (at the
different depths of 0 m, 0.6 m, 1.9 m, 2.6 m). All the data
(flow rate and temperature of water and backfill
materials) were recorded using the datalogger with the
interval of 3 min. The test was performed continuously
for more than 48 hours (2 days), and the data of the test
was used to estimate the thermal conductivity of backfill
materials L{SII’] ILS model.
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-

Figure 2. Thermal response test set up
Figure 3 shows the TRT construction process. The
trench with the dimensions of 5 x 2 x 3 m (length x width
x depth) is prepared for each backfill material (natural



sand and PAC). For both cases, the TRT steel pipe
(diameter of 20 mm) was installed at a depth of 1.9 m and
the UPCS was buried at a depth of 1.2 m from the ground
surface. For the natural sand, the compaction is divided
into 3 layers. The thermal conductivity of each layer of
natural sand and surrounding soil is measured using the
KD2 pro thermal analyzer (Figure 3(a—c)). This thermal
conductivity then was used as the input data for the
numerical model. Regarding the PAC, the trench was
prepacked with the gravel, then the grout was mixed and
poured directly into fill the trench (Figure 3(d-f)).
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Figure 3. (a—c) TRT set up for natural sand: (a)
measurement of thermal properties of soils using KD2
Pro, (b) steel pipe GHE backfilled with sand, (c)
compaction of sand, (d—e) TRT set up for prepacked
concrete: (d) installing UPCS, (e) The trench filled with
gravel, (f) The trench filled with grout

2.2.3. Infinite line source model for calculating the
thermal conductivity from TRT data

ILS model is well known as a simple and convenient
model used to estimate the thermal conductivity of the
soil as well as evaluate the heat transfer performance of
the vertical borehole heat exchanger [15]. In this study,
the ILS model is proposed to estimate the thermal
conductivity of the full-scale backfill material using
horizontal TRT data. The average temperature of the
circulating water (inlet and outlet), Ty, is determined as
follows:
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where 1 is thermal conductivity (W/(m.K)), Q is averaged
heat exchange (W), L is the length of TRT trench (i.e.,
4.75 m for this study), a is the thermal diffusivity (m?/s),
Ry is the borehole thermal resistance (MK/W), Ty is the
initial ground temperature (°C). If A=(Q/L)/(4x1)
and B = Aln(4a /17 -y)+(Q/L)R, +T,, EQ. (1) is expressed as:
T, =Alnt+B 2
Once A is determined, the thermal conductivity of the

ground can be determined as follows:
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It should be noted that the important assumption
when using the ILS model is the initial ground
temperature of the ground is constant during the TRT. To
confirm that assumption, the RTD sensors were installed
at different depths (0.6 m, 1.9 m, and 2.6 m) to examine
the change in backfill material temperature during the
TRT, as mentioned above.

2.3. Numerical method

To confirm the thermal conductivity measurement
results of TRT and laboratory tests, the numerical
analysis was employed as a back-calculation method.
The inlet water temperature from the TRT and different
thermal conductivity values were used as the input data.
As a result of the numerical model, the outlet water
temperature corresponding to each thermal conductivity
value was obtained and compared with the outlet fluid
temperature from the TRT results. Afterward, the relative
error of the outlet water temperature between TRT and
numerical analysis for each thermal conductivity value is
calculated. The optimum thermal conductivity value then
was determined corresponding to the thermal
conductivity that has the lowest error of the outlet fluid
temperature between TRT and numerical analysis results.
Table 1. Thermal properties of materials used for
numerical model

C, A D

; p
Material (glem?) (IkgK) (W/mK)  (mm?/s)

Soil layer 1 1888 1685 1.604 0.567
Soil layer2 1999 1823 1.351 0.371
Soil layer 3 1708 1768 1.517 0.497

*Steel pipe 7.93 460-502 16.2 -
*
Polyethyle 950  1.55 0.34 ;
ne pipe
Natural sand 1900 850 15-19 0.658
PAC 2150 950 1.8-2.4 0.968

*Note: provided by the manufacturer

Surrounding soil

Figure 4. Numerical model

The boundary conditions for the numerical model are
Dirichlet for the top and adiabatic for the lateral and
bottom. The thermal properties and the initial
temperature of the surrounding soil were obtained from
the KD2 pro and RTD sensors, which were measured
right before and during the TRT (as presented in Figure
3). Table 1 lists the thermal properties of the materials
used as the input data for the numerical model.

The heat exchange process of TRT contains heat
conduction between the backfill material, surrounding
soil, and pipe wall, and the convection heat of the water
circulating in the TRT pipe. In this study, a finite element
code program (COMSOL Multiphysics) [16] coupled



with computational fluid dynamics analysis was used to
simulate the heat transfer process during TRT (Figure 4).
The heat conduction between the solid medium is
expressed as [17]:

oC, %w(-xw)mmt =0 (4)
where p is density (kg/m?), C; is specific heat capacity
(J/(kg.K)), 2 is thermal conductivity (W/(m.K)), T is
temperature (K), t is time (s), and Qin: is the heat source
(W/m?3).

The energy equation of the circulating water ina TRT
pipe can be expressed as [16,17]:
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where fp is the coefficient of friction, u is velocity field,
A, is pipe cross-section area (m?), dn is the mean
hydraulic diameter (m). In addition, q is the regular heat
injection (W/m), and qwan is the heat exchange through
the pipe wall (W/m), which is calculated as follows
[16,17]:

Quann = (hZ )eff (Tp -T ) (6)
where h is the heat transfer coefficient of pipe
(W/(m2K)), Z is the wetted perimeter of pipe (m), T, is
the temperature of the pipe wall (K), and Ts is the fluid
temperature (K).

3. Result and discussion

3.1. General properties of PAC

Table 2 lists the general properties of the newly
proposed backfill material. The average bleeding rate of
PAC is 1.7 %, thus, classified as the normal bleeding
level and satisfies the requirement according to ACI
229R-99 [18,19]. Furthermore, the grout used for PAC is
382 mm, classifying as a high flowability and
pumpability backfill material [18,19]. The average
compressive strength of the PAC after 28 days is 1.56
MPa, thus, satisfying the strength requirement for general
backfill application purposes. It should be noted that the
proposed material has an excavation ability; therefore, it
is helpful in case the future repair or the new installation
of the UPCS is required.

Table 2. General properties of newly proposed backfill
material

Compressive

Sample Bleeding Flowability
o) () @ strength, 28 d
No. rate (%) (mm) (MPa) ®
1 15 385 1.54
2 18 380 156
3 1.8 382 158
Average 17 382 1.56
Standard ASTMC _ ASTMD ASTM C 39
940[20] 6103 [21] [22]

*Note: @ For the mixture, @ For the grout only.

3.2. Thermal conductivity comparison

3.2.1. Thermal conductivity from TRT

Figure 5 presents the ambient temperature and the
backfill material during the TRT at the depths of 0.6m,
1.9 m, and 2.6 m from the ground surface. The results
show that although the ambient temperature has a large
difference between day and night, the backfill material is
constant even at shallow depths as 0.6 m. These results
demonstrated that the effect of the surface temperature
can be neglected during the short time test of TRT (i.e.,
50 h).
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Figure 5. The ambient temperature and the backfill
material temperature during the TRT
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Figure 6. Outlet and inlet water temperature of TRT for

(a) natural sand, and (b) PAC.

Figure 6 presents the inlet and outlet water
temperature of the natural sand and PAC from the TRT.
The water temperature of the natural sand case increased



then significantly decreased at the time of 1100 min. This
result is caused by the different temperatures of the day
and night. As a solution, the TRT box (Figure 2) is
thermally insulated by using the thermal insulated
material with a thickness of 10 mm and a thermal
resistance of 27.8 mK/W. Consequently, the decrease in
water temperature did not occur for TRT test of the PAC.

To calculate the Q in the Eq. (3), the inlet and outlet
fluid temperature, (Figure 6) and the flow rate from TRT
were employed.

Q = mCy(Tin -Tour) (7
where Q is the heat input (W); m is the flow rate (kg/s);
C, is the specific heat capacity of the fluid (J/(kg.K)); and
Tin and Tou are the inlet and outlet fluid temperatures,
respectively.
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Figure 7. Average water temperature versus In time of
(a) natural sand and (b) prepacked concrete.

Figure 7 shows the average water temperature change
with the time on the natural log scale. Please note that for
the ILS model theory, the initial data should be detected
for the calculation to reduce the error [23]. In other
words, only the linear relationship data between Ty and
the time in the log scale should be used to determine slope
A in Eqg. (3). In this study, the linear relationship was
achieved after 20 h for both natural sand and PAC. The
slope A is 5.0139 (R?=0.9714) and 3.4729 (R? = 0.9996)
for the natural sand and PAC, respectively.

The thermal conductivity change with time is
presented in Figure 8. For the PAC, the thermal
conductivity decreases slightly and reaches the constant
value after 12 h. However, the thermal conductivity of
the natural sand significantly decreases from 2.1 W/(mK)
(10 h) to 1.5 W/(mK) (19 h) then increases again and
reaches the constant value after 25 h (1.8 W/(mK)). The
reason for the variation over time of thermal conductivity
of natural sand is attributed for the change in temperature
in TRT box caused by the different temperatures of the
day and night, as mentioned above (Figure 6(a)). The

results also indicated that the thermal conductivity of the
proposed backfill material was significantly higher than
that of the soil (1.3 W/mK) and conventional backfill
material (e.g., natural sand (1.8 W/mK)).
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Figure 8. Thermal conductivity calculated for different
testing times.

3.2.2. Thermal conductivity estimation using
numerical analysis

The outlet fluid temperature of the numerical model
(at different thermal conductivities of the backfill
material) and TRT results are presented in Figure 9 (for
natural sand) and Figure 10 (PAC). Owing to the cooling
model, it is obvious that the higher the thermal
conductivity, the lower the outlet fluid temperature is
achieved. Figure 11 shows the relative error in the fluid
temperature of experimental results (TRT) and numerical
model. The results show that natural sand with a thermal
conductivity of 1.8 W/(mK) and the PAC with a thermal
conductivity of 2.2 W/(mK) have the lowest relative
error. These results strongly agree with the estimation
results using the TRT coupled ILS model.
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Figure 9. OQutlet water temperature at the different
thermal conductivity of the natural sand.



Table 3. Thermal conductivity measurement results from
difference methods
Backfill Laboratory test TRT

Numerical

material (KD2 Pro & (ILS analysis (Back
Hot disk M1) model) calculation)
Natural Sand  1.365* 1.84 1.8
PAC 2.094 2.26 2.2
*Measured by KD2 Pro
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Figure 10. Outlet water temperature at the different
thermal conductivity of the PAC.
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The obtained results of thermal conductivity from
different methods (laboratory test, TRT coupled ILS
model, and numerical model) are summarized in Table 3.
Regarding the PAC, thermal conductivity measurement
results have good agreement between all testing methods.
The maximum difference is 7.9 % (i.e., 2.094 W/(mK)
for laboratory test and 2.26 W/(mK) for TRT). For the
natural sand case, the thermal conductivity measured by
TRT couple ILS model and numerical model has a low

difference of 2.2 % (1.84 W/(mK) for TRT and 1.8
W/(mK) for numerical model); however, a significant
difference (around 32%) was observed between these
methods and the laboratory test (1.365 W/(mKY)). This
difference is attributed to the change in the degree of
saturation of the natural sand during the TRT operation
caused by the rainfall infiltration. It should be noted that
the thermal conductivity of soil, especially the high
permeability soil (i.e., sandy soil) is strongly affected by
its degree of saturation. Due to the fact that the thermal
conductivity of the water is about 24 times higher than
that of the air; therefore, an increase in the degree of
saturation (water content) of backfill material leads to a
significant increase in its thermal conductivity [10, 19].
This result implied that the testing conditions in situ and
laboratory should be considered to avoid the wrong
estimation of the thermal conductivity and heat
dissipation performance of the backfill material,
especially in the case of sandy soil.

4. Conclusions

This study evaluates the thermal and mechanical
properties of the thermal backfill material used to
dissipate the heat generation from the UPCS. Three
thermal conductivity measurement methods were
employed to examine the consistency of the thermal
conductivity measurement results. The results indicate
that the proposed backfill material (PAC) satisfied the
requirement for general backfill purposes. The grout used
with high flowability of 382 mm; thus, easy to fill the
space between the coarse aggregate. In addition, the
strength of the PAC is 1.56 MPa, thus, can be considered
as an excavatable material and helpful in case of future
excavation and new installation of the cable is required.

Regarding the PAC, TRT coupled ILS model shows
a very good agreement in thermal measurement results
with the laboratory test and the numerical model.
However, for the natural sand, the big difference in the
thermal conductivity test results between the laboratory
test and other methods (32 %) was caused by the rainfall
infiltration. These results implied that the weather
conditions should be considered during the thermal
conductivity estimation process to avoid the wrong
evaluation of the heat dissipation ability of the backfill
materials.

Furthermore, the thermal conductivity of PAC is 2.2
W/(m.K), which is significantly higher than that of the
soil (1.3 W/(m.K)) and conventional backfill material
(e.g., fluidized formula backfills of 1.4 W/(m.K) [28] and
natural sand of 1.8 W/(m.K)). Therefore, it is concluded
that PAC is feasible to use as a heat-dissipating medium
for the UPCS.
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