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ABSTRACT

When implementing the artificial ground freezing (AGF) method, conventional
backfill grout material typically has low thermal conductivity, resulting in poor heat
exchange between the freezing pipe and the ground. To enhance the efficiency of AGF,
it is crucial that the backfill material possesses both high thermal conductivity and suitable
workability. In this study, silica sand and graphite were adopted as high-conductivity
additives to identify the optimal cement-based grout material under AGF conditions. A
series of experiments measured the thermal conductivities of the grout specimens at
unfrozen condition (15C) and frozen condition (-20C) using the transient line heat
source method over a curing period. Furthermore, the viscosity of the specimens was
assessed to evaluate workability. The results showed that thermal conductivity under
frozen conditions was higher than under unfrozen conditions. In addition, thermal
conductivity decreased as the curing period increased, and viscosity increased with the
addition of more additives.

1. INTRODUCTION

The artificial ground freezing (AGF) method involves installing freezing pipes into
the ground and circulating a refrigerant within these pipes to temporarily freeze the
surrounding weak soil. This process stabilizes the ground by preventing water infiltration
and enhancing its strength, thereby making it suitable for construction in challenging
conditions. Additionally, this method is environmentally friendly as it reinforces the soft
ground with minimal chemical injection.

For effective AGF application, the thermal and mechanical characteristics of the
grout material used to backfill the space between boreholes and freezing pipes are
important design factors that are often overlooked. An ideal grout material should
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possess high thermal conductivity to enhance heat transfer efficiency into the ground
while maintaining low viscosity for easy of construction. Moreover, cement-based grout
undergoes rapid hydration reactions that can significantly alter its thermal conductivity
due to changes in porosity and the volume fraction of pore water (S;) during the early
curing time (Chen et al., 2022). Therefore, understanding these variations at different
curing ages is essential for the successful implementation of the AGF method.

The thermal conductivity of commonly used pure bentonite grout and cement
grout are 0.75 W/mK and 0.9 W/mK, respectively, which is lower than the ground’s
thermal conductivity, ranging from 1.4 to 3.1 W/mK (Remund et al., 1993). This
discrepancy makes it challenging to achieve high heat exchange efficiency. One
approach to enhance thermal conductivity is to add materials with high thermal
conductivity to the cement grout. However, if the mix ratio is too high, the grout’s
workability may decrease, leading to inadequate backfilling the space between the
freezing pipes and boreholes, and potentially forming void spaces that further reduce
heat exchange efficiency (Delaleux et al., 2012).

In this study, silica sand and graphite were considered as thermally enhancing
additives to the typical cement grout at various mixing ratios to measure thermal
conductivity under both unfrozen conditions (15°C) and frozen conditions (-20C) over a
curing period of 1, 7, 14, and 28 days. Additionally, porosity, volume fraction of pore water
(Sr), and workability were also estimated to understand their impact on thermal
conductivity. This comprehensive analysis aims to optimize the grout mix design for AGF
applications, ensuring both high thermal conductivity and sufficient workability.

2. LABORATORY EXPERIMENT

2.1 Experimental overview

In this study, the curing temperature was maintained at 15°C, and the water-to-
cement ratio was fixed at 0.45 for all specimens. This curing temperature was chosen
because the 30-year average subsurface temperature in South Korea ranges from 13.34
to 16.54C across most regions (Cheon et al., 2014). Water involved in cement hydration
can be classified into three main types: chemically bound water, physically bound water,
and free water (Breugel et al., 1993). Chemically bound water, which participates directly
in hydration reactions, accounts for approximately 22 to 25% of the cement weight, while
physically bound water makes up about 15%. Therefore, about 40% of the cement weight
in water is required for complete hydration. However, using only 40% water relative to
the cement weight results in a stiff cement paste, so additional water is required to ensure
adequate workability. Consequently, the water-to-cement ratio was determined to be
0.45.

To prepare the specimens, samples were made by adding silica sand and
graphite to pure cement grout at various mixing ratios. For silica sand, four cases were
tested with silica sand to cement weight ratios of 1.0, 1.5, 2.0 and 2.5. For graphite, six
cases were conducted with graphite to cement weight ratios of 0.02, 0.06, 0.1, 0.14, 0.18
and 0.22. The samples were mixed for three minutes using a mixer before being poured
into molds with a diameter 100mm and a height of 200mm. Three specimens were
prepared for each case for measurements in both unfrozen and frozen conditions. After
12 hours of curing, the specimens were drilled to insert probes before they were fully
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solidified. After 24 hours of curing, the specimens were removed from the molds and
wrapped to prevent moisture evaporation.

Thermal conductivity was measured after curing period of 1,7,14 and 28 days for
each case, under both unfrozen and frozen conditions, using the transient hot-wire
method with a single needle type probe as depicted in Fig. 1. Thermal grease with high
thermal conductivity (8.5 W/mK) was used to fill the gap between the probe and the
specimen during measurements. Before measuring thermal conductivity in the frozen
condition, the specimens were frozen at -20C for over 24 hours in a refrigerator. It was
assumed that no hydration reactions occurred in the frozen condition. Thermal
conductivity was measured five times per specimen, resulting in a total of fifteen
measurements per case, and the average value was taken as the representative thermal
conductivity.

Probe TR-3 Probe

Read thermal conductivity :’\

10cm

Tempos controller

Specimens
(a) Photo of measurement (b) Schematic diagram of measurement
Fig. 1 Thermal conductivity measurement

To measure the volume fraction of pore water (Sr) and porosity, specimens were
oven-dried at 105°C for 24 hours after curing periods of 1, 7, 14 and 28 days. Following
the drying process, the volume and weight of the specimens were measured. In this study,
the volume fraction of pore water (S;) is defined as the weight loss of the specimen after
drying divided by weight gain of the specimen after it has been submerged in water. The
method for measuring porosity, as described by Ghafoori et al. (1995), is as follows. The
dried specimens are submerged in a container of water for more than 24 hours. As the
specimens submerged in water absorb water equivalent to its porosity, the water level in
the container decreases when the specimens are removed. This can be represented as
shown in Eq. (1)

P=2x100% (1)
Vb

P is the porosity, V4 is the decreased volume of water in the container, V, represents the
volume of specimen after drying.
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The workability of the mortars was examined using a rheometer, which measures
the flowability of the mortar mixes. Typically, a rheometer features a fishbone-shaped
probe that measures torque and a container that holds 3 liters of mortars, rotating at
varying frequencies. After loading the material into the container, a flow curve test is
conducted. The test involves increasing the speed to 60 rpm over one minute,
maintaining this speed for 15 seconds, and then reducing the speed to zero over the next
minute, as shown in Fig. 2. Initially, when the material is at rest, a higher torque is
required for the fishbone probe to start rotating. The peak value of this torque is referred
to as the static torque. The static yield torque represents the maximum torque needed to
initiate flow from the resting state, while the dynamic yield torque indicates the minimum
torque required to maintain flow.
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Fig. 2 Rheometer explanation

2.2 Experiment results

The experimental results show that thermal conductivity decreases with curing
time under both unfrozen and frozen conditions, while it increases with curing time under
dry conditions, as illustrated in Fig. 3. Initially, the difference in thermal conductivity
among these three conditions increased and then decreased with curing time. This trend
is attributed to early hydration reactions consuming more water within the specimen
which reduces moisture content and allowing air to fill the voids (Chen et al., 2022).
Throughout all curing periods, the thermal conductivity under frozen conditions was
higher than that under both unfrozen and dry conditions. This is due to the higher thermal
conductivity of ice (2.2W/mK) compared to water (0.5W/mK). Under frozen conditions,
the volume fraction of pore water significantly impacts thermal conductivity, resulting in
higher values during the initial curing stages.
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Fig. 3 Thermal conductivity of pure cement grout

In dry conditions, thermal conductivity is influenced more by the solid phase than
by moisture content. As curing progresses, hydration reactions reduce porosity, leading
to increased thermal conductivity, as shown in Fig 4. These results indicate that changes
in the volume fraction of pore water and porosity due to curing time affect thermal

conductivity.
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Fig. 4 Porosity and Volume fraction of pore water of cement grout with curing days

Fig 5 and Fig 6 illustrate the thermal conductivity, porosity, and volume fraction
of pore water for cement grout with added silica sand as a thermally enhancing material
after 1 and 28 days of curing. The results showed that adding silica sand increased
thermal conductivity compared to pure cement grout. Similarly, the thermal conductivity
under frozen conditions was higher than under unfrozen conditions. The increase in
thermal conductivity was most significant when the sand-to-cement weight ratio
increased from 1.0 to 1.5. However, when the ratio increased from 2.0 to 2.5, thermal
conductivity decreased due to excessive sand reducing flowability, making it difficult for
the mortar to fill the mold densely and uniformly. This is supported by the observation
that porosity is greater at a ratio of 2.5 compared to 2.0. When the sand-to-cement weight
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ratio increased from 1.5 to 2.0, a decrease in porosity was observed, but thermal
conductivity decreased as well. This is because the volume fraction of pore water was
highest at a ratio of 1.5. It has been shown that when the volume fraction of pore water
exceeds 0.8, thermal conductivity increases sharply (Dong et al., 2022).
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Fig. 5 Characteristics of cement grout with added silica sand on the 1 day of curing
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Fig. 6 Characteristics of cement grout with added silica sand on the 28 days of curing

Fig 7 represents the thermal conductivity of cement grout with added graphite as
a thermally enhancing material at both 1 day and 28 days of curing. Adding graphite also
resulted in higher thermal conductivity under frozen conditions compared to unfrozen
conditions across all curing periods. Additionally, as curing periods extended, there was
a decrease in thermal conductivity, porosity, volume fraction of pore water in all cases.
However, when comparing different ratios, there was no consistent pattern observed in
porosity and the volume fraction of pore water.

A comparison of the thermal conductivity increase rate between silica sand and
graphite indicates that graphite provides a higher increase in thermal conductivity.
Thermal conductivity increased by 22.98% to 27.42% when the silica sand ratio
increased from 1.0 to 1.5. Meanwhile, adding graphite in increments of 4% of the cement
weight resulted in a 13.72% to 21.36% increase in thermal conductivity. Therefore, for
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silica sand, the thermal conductivity increased by approximately 0.46% to 0.55% per 1%
increase in the sand-to-cement weight ratio. On the other hand, graphite showed an
increase of about 3.43% to 5.34% per 1% increase in the graphite-to-cement weight ratio.
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Fig. 7 Thermal conductivity of cement grout with added graphite

When silica sand and graphite are added, the flow characteristics of cement grout

are illustrated in Fig 8. The flowability decreases as the amount of both sand and graphite
increases. When the sand-to-cement ratio increased from 1.0 to 1.5, both static yield
torque and dynamic yield torque increased steeply. For ratios of 2.0 and 2.5,
measurements could not be conducted as they exceeded the measurement range. For
graphite, the addition of 2% to 14% of the cement weight gradually increased both static
yield torque and dynamic yield torque. However, when it increased from 14% to 18% and
from 18% to 22%, both yield torques increased steeply.
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Fig. 8 Flow characteristics of cement grout with added sand and graphite
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3. CONCLUSIONS

This study evaluated the effects of silica sand and graphite additives on the
thermal conductivity and workability of cement-based grout materials for artificial ground
freezing (AGF) applications. The experimental results showed that thermal conductivity
decreased over the curing period. The difference in thermal conductivity between
unfrozen and frozen conditions increased initially and then decreased due to hydration
reactions reducing the volume fraction of pore water. Thermal conductivity was higher
under frozen conditions compared to unfrozen conditions because of the formation of ice,
which has higher thermal conductivity than water. Both silica sand and graphite as
additives significantly enhanced the thermal conductivity of the cement grout, with
graphite having a greater impact than silica sand.

The addition of both silica sand and graphite reduced the workability of the grout.
For the silica sand additive, increasing the sand-to-cement ratio significantly raised the
yield torques of the grout and eventually exceeded the measurement range of the
apparatus. In contrast, for the graphite additives, the grout yield torques increased
gradually at low ratios as the graphite-cement ratio increased, but rose rapidly at higher
ratios.
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