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Bl Abstract

This is a summary of the development of frozen ground engineering technology in Japan.

Frozen ground engineering is the field of engineering that studies the changes and phenomena that
occur in soil as the ground freezes in sub-zero temperatures. These changes and phenomena occur
as the moisture held between the soil particles changes its phase to ice. In frozen ground engineering,
soil that has frozen is referred to as “frozen ground,” and the phenomenon that occurs as it freezes is
referred to as “frost heaving.”

Frozen ground becomes stronger as its temperature decreases and can be as strong as concrete at
around -40°C, depending on the type of soil. At -10°C, it is around one third the strength of concrete.
This means that by freezing the target ground, it can be made to transform like concrete. However,
depending on the type of soil, a phenomenon referred to as “frost heaving” can occur around
the freezing front (0°C isothermal plain) which passes through the ground, freezing it. When this
phenomenon occurs, lens shaped pieces of ice, or “ice lenses,” segregate along the freezing front and,
since the freezing front advances with time, ice lenses appear rhythmically following the direction of the
front, uplifting the ground to the same height as the total thickness of the ice lenses.

The systematic study of frozen ground and the frost heaving phenomenon began in the early 20th
century. In Japan, the Institute of Low Temperature Science of Hokkaido University actively researched
this field scientifically, and in the 1960s the Disaster Prevention Research Institute of Kyoto University
started undertaking a wealth of engineering research in collaboration with Seiken Co., Ltd. These
institutes have yielded some world-class research results.

In the late 1960s, there was a move to utilize liquified natural gas (LNG), due to its low emission of
air pollutants during combustion, as a primary energy source for producing the city gas and electricity
that support our daily lives. This prompted the construction of huge LNG storage tanks in the Keihin
and Keiyo industrial zones facing Tokyo Bay. These tanks were built in-ground to prevent possible
earthquake damage. Since LNG has a temperature of -162°C at atmospheric pressure, the ground
surrounding the LNG in-ground storage tanks would gradually freeze, making them susceptible to
frost heave and exposing the surrounding structures to damage unless appropriate measures were
taken. Once work on the design of LNG in-ground storage tanks began in the late 1960s, the need
for prediction and control of frost heave was recognized, and research in frozen ground engineering
was carried out cooperatively by Japanese industry, government and academia. This resulted in the
construction of around 70 LNG in-ground storage tanks, with around 200,000-300,000m?® of frozen soil
being managed successfully around them.

At the same time, artificial ground-freezing technology for actively freezing ground to the consistency
of concrete began to be used as a standard auxiliary construction method in underground construction
work in major cities such as Tokyo, where there were numerous underground structures in proximity.
This has resulted in as much as 700,000m® of frozen ground used in over 700 construction projects,
making it a significant contributor to urban civil works.

The increase in frozen ground engineering applications has been thanks to rapid technological
advances made in frozen ground engineering, due largely to Japan’s exacting quality requirements
in this field. For example, the ground freezing methods used in urban civil works, and LNG in-ground
storage tanks, which are dozens of meters in depth and diameter, must be executed and managed to
the millimeter. This requires a thoroughgoing understanding and managing of structural displacement.
Japan is the only country in the world to have researched, evaluated and standardized the technology
to meet these strict quality requirements. This technology includes the method to predict frost heaving
quantitatively at any stress and temperature field. Thanks to this research and development, Japan has
reached a globally unparalleled level in frozen ground engineering, as proven by its planning for, and
construction and management of, a huge amount of artificially frozen ground, i.e. around one million
cubic meters.

In fact, Japanese firms have been constructing LNG in-ground tanks and applying ground freezing
methods increasingly in East and Southeast Asia in the last few decades.

In the early years of frozen ground construction, Japanese civil engineers referred to it as a “last resort
construction method” because, although highly reliable, it was very costly. However, more recently, it
has become the standard soil improvement method, as it offers greater reliability and functionality than
other methods.

In any case, with China increasing construction of high-speed train tracks and highways into cold
northern areas as part of its Belt and Road Initiative and Korea turning its attention to developing
underground resources in the Arctic region, both countries’ governments are boosting their R&D
activities in this area, meaning complacency born of pride in achievements to date cannot be an option
for us.
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M—Graduated scale
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a) KE Taber 1929+

Figure 1. Apparatusforfreezing soils
in a system that is open with respect
to water. C-soil; K—container; A-air;
W-water; R—sand saturated with water;
S—dry sand; L-lead disk with recording
pen; and D~drum turned by a clock.
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Figure 60. Experimental frost heave appa-
ratus used at the Laboratoires des Ponts
et Chaussées. Dimensions are in milli-
meters. (From Aguirre-Puente et al, 1972)

1. double-wall cylindrical cell
2. reservoir
3. water supply for specimen
4. s0il specimen
5. evacuated space
6. foam rubber tube
7. metal screen
8. cold plate
9. refrigeration line
10. thermocouple for measuring
surface temperature
11. potentiometer
12. nylen cord
13. pulley
14. counterweight

WETTING

AL
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Figure 58. Self-refrigerated unit to improve temperature control in the TRRL
frost susceptibility test. (From Jones 1980.)
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Figure 53. Schematic of Belgian Road Research Center frost sus- |"—'
ceptibility apparatus. (From Gorlé 1980.) I
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6. load (3.4-kPa surcharge)
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