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ABSTRACT: Artificial ground freezing was developed more than 100 years ago for the construction of deep
shafts in water bearing soil. In Germany shafts have been constructed using ground freezing down to depths of
more than 600 meters (2,000 ft). During the past 20 to 30 years ground freezing has been used more frequently for
underground construction, tunneling, deep excavations and special applications. For many cases ground freezing
is the only solution to create a watertight and load-carrying soil body in water bearing soil. But with ground
freezing numerous applications are possible. With ground freezing economical solutions can be realized even
under highly demanding conditions using mobile freeze units for brine freezing or using liquid nitrogen. Ground
freezing is based on heat withdrawal from the surrounding soil, so that it is only used as temporary measures
for ground support and/or water cut-off. It is environmentally friendly as no barriers like e.g. diaphragm walls,
chemical or other grouting material remains in the subsurface environment after the application. Ground freezing
is a very safe method but it has to be designed in detail. Ground freezing has been used successfully for many
different applications. Four projects are presented which were completed during the last years showing different
applications and construction methods.

1

INTRODUCTION

1.1 History
The ground freezing method is – compared to other
heavy civil measures – an old technique. It was developed in the 19th century by the German engineer
Friedrich Poetsch. His patent for ground freezing was
granted in 1883. The method was developed for shaft
sinking to get through water bearing soils down to
the hard rock and coal seams. It was the only safe
method to construct shafts with depths of more than
50 m in water saturated soil. The deepest freezing shaft
in Germany was completed in Rheinberg with a depth
of more than 600 m.
1.2 Principle of ground freezing
Ground freezing is a process by which the in-situ
pore water is converted into ice. Like the cement in
concrete, the ice bonds the soil particles together,
imparting strength and impermeability to the frozen
soil mass. Ground freezing is based on the withdrawal of heat from the soil. Continuous energy is
usually required to establish and maintain a frozen soil
body.
For the build-up of a frozen soil body either a row
of vertical, horizontal or inclined freeze pipes have
to be drilled into place. An open-ended inner pipe,

Figure 1. Ground freezing principle.

sometimes referred to as the down-pipe, is inserted into
the center of the closed-end freeze pipe (see Fig. 1).
The down pipe is used for the supply of the freeze
pipe with a cooling medium, usually brine or liquid
nitrogen. The inner pipe is connected to the supply
line and the outer pipe to the return line (when brine is
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Figure 3. Liquid nitrogen LN2 freezing.
Figure 2. Brine freezing.

used) or the exhaust line (when liquid nitrogen is used).
The coolant flows through the inner pipe to its deepest
point. On its way back through the annulus between
inner pipe and freeze pipe, the coolant picks up heat
and is warmed up. Due to the flow of the coolant the
frost penetrates the soil and a ring of frozen soil occurs
around the freeze pipes. Depending on the arrangement of the freeze pipes location and directions one
can achieve all shapes of frozen soil walls (bodies) as
required for the individual task.
1.3

Brine freezing

Brine freezing requires a closed circulation system
and the use of refrigeration plants. The brine (usually
calcium chloride CaCl2 ), which is warmed up during
circulation, flows back through the insulated surface
manifold system before returning to the freeze plant
station for recooling. The principle of brine freezing
circulation is presented in Figure 2. The brine supply temperature T generally ranges from T = −20◦ C
to −37◦ C.
The entire freezing plant consists of the required
number of freeze units, several additional components
like low voltage switch-gears, tank for the brine backflow and the recooling machine. Several freeze units
can be combined in a more powerful freeze plant. To
minimize fresh water consumption special recooling
systems should be connected for heat exchange with
the air. Currently, it is state of the art to use ammonia
as cooling agent within the freeze unit (not as coolant
in the freeze pipe system). Ammonia is much more
environmentally friendly than hydrocarbon fluoride.
1.4

Liquid nitrogen (LN2 ) freezing

an on-site storage tank or directly from a tank truck,
the LN2 is fed through an insulated surface manifold
system, usually consisting of copper pipes and quickconnect cryogenic hoses, into the inner pipes as shown
in Figure 3.
The LN2 starts to vaporize at a temperature of
T = −196◦ C in the annulus between freeze and inner
pipe, picking up heat on its way up. The cold nitrogen gas is directly vented into the atmosphere; the
gas exhaust temperature is measured with temperature sensors. The amount of LN2 which is fed into
the inner pipe is controlled by a cryogenic two-way
solenoid valve. The solenoid valve is controlled by the
nitrogen gas exhaust temperature, either opening or
closing based on preset temperature limits.
Freezing with LN2 is fast. A frozen soil body can
be formed within a matter of a few days with LN2 ,
whereas it takes weeks for the brine freezing system. However, due to its high costs, the use of LN2
for ground freezing is usually limited to shortterm
applications or limited volume of frozen soil.

2 APPLICATIONS OF GROUND FREEZING
Ground freezing is mostly used for temporary ground
support or structural element respectively and as a
ground water control system. The advantage of frozen
ground is that frozen water is 100% impermeable.
Even obstacles like stones, concrete remnants or similar materials, which usually cause problems as a barrier
when grouting techniques are used for sealing tasks,
will just be embedded in the frozen soil volume as the
frost grows through and around all obstacles.
Ground freezing is being used in underground construction projects for the following listed applications:

Liquid nitrogen freezing is a process by which heat
is extracted from the soil through direct vaporization
of a cryogenic fluid (LN2 ) in the freeze pipes. From
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– sinking and lining of deep mineshafts up to depth
of more than 600 m
– deep excavations (shafts)

– tunneling using the sequential excavation method
SEM under the protection of a structural and
watertight frozen soil body
– cross-passages between shafts and tunnel tubes or
between tunnel tubes, respectively
– large open excavations, retaining walls
– temporary soil improvement under foundations
– temporary sealing of leakages
– temporary water cut-off for connections at the
interface between existing and new underground
structures
Ground freezing is environmentally friendly as no
barriers like e.g. diaphragm walls, chemical or other
grouting material remains in the subsurface environment after the application. Ground freezing is also used
for environmental technologies.
In the following chapters four completed projects
are presented, showing different tasks and applications.

3
3.1

Figure 4. Cross-sections of the frozen tunnels.

COMPLETED PROJECTS
Subway Section 3.4H, Düsseldorf, Germany

As part of the Düsseldorf mass transit subway system expansion, four 40 m long tunnels were excavated directly below buildings and a major roadway.
All four tunnels were advanced using the Sequential Excavation Method (SEM) formerly called New
Austrian Tunneling Method (NATM). In each case,
there was very little space between the roof of the
tunnel and the bottom of overlying building foundations. As a result, any ground loss or other causes
of settlement due to tunneling, would have lead to
direct and adverse movement to the existing building
foundations.
The individual tunnels are located in noncohesive
soils. The general soil profile consists of intermittent changing quaternary sand and gravel layers.
Underlying this stratum is very dense tertiary fine
sand.
For the driving of three of the tunnels, the gravel
and sands were stabilized and the groundwater was
controlled by ground freezing using a brine coolant as
shown in Figure 4. The data of the 3 frozen soil bodies
are listed following (listed for track 1/3/4):
– Top of frozen soil D = 0.6/1.8/6.7 m below
foundation
– Excavation zone A = 46/42/75 m2
– Frozen soil length L = 48/40/40 m
– Frozen soil volume V = 1,600/2,600/2,900 m3
– Frozen soil thickness d = 1.5/1.5/2.2 m
For the ground freezing operation of the three tunnels a freeze plant of two units with an operating brine
temperature of T = −35◦ C and a capacity of 330 kW

Figure 5. Water injection and freezing phases.

each was used. The freeze plant was installed in an
isolated hall because of the urban residential area.
A unique feature of the ground stabilization
involved the freezing of natural unsaturated soil above
the groundwater table. To ensure that the soil mass to
be frozen had an adequate bearing capacity, water was
injected into the soil. To do this, vertical cut-off walls
were grouted along the sides of the tunnel to reduce
the run-off of water injected into the soil. Water injection and freezing-up were conducted in four phases as
shown in Figure 5.
All of the tunnels were driven without incident and
with only negligible subsidence to the buildings and
the main road directly above the tunnels. Figure 6
shows the very close distance from the buildings to the
tunnel of track 1 and the highly demanding urban conditions. The access shaft was located in the backyard
of two residential buildings.
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Figure 8. Longitudinal section and geology.

Figure 6. Access shaft of the tunnel of track 1.

Figure 7. Section ion the area of a cross-passage.

3.2

Construction of cross-passages for the
Westerscheldetunnel, Terneuzen, The
Netherlands

Figure 9. Cross-passage installed freeze pipes.

Located in the western part of the Netherlands the
Westerscheldetunnel connects the Peninsula Province
Zeeuws-Vlaanderen currently with the Zuid Beveland
on the continent. The tunnel project consisted of two
tubes each with two road lanes. The tunnel tubes were
driven under the Westerschelde using two tunnel boring machines with a pressure balanced hydro-shield.
The bore diameter of the tunnels is 11.33 m. Each tunnel tube had a length of 6.6 km and the lowest elevation
was in a depth of approx. 60 m below MSL.
For safety requirements the tunnels were connected
by cross-passages every 250 m. A total of 26 passages
with a clear cross section of 6.25 m2 and an average
length of 12 m were built (see Fig. 7). The passages
were constructed under the temporary protection of a
watertight and structural frozen soil body. The excavation for the crosspassages was done using the New
Austrian Tunnel Method (NATM).
The individual passages are located in both cohesive and non-cohesive soils. The general soil profile

consists of 20 to 30 m of medium dense sand with
embedded layers of clay, peat and sea silt. This stratum is underlain by stiff clay 8 to 28 m thick. Below
this clay a very dense sand is found, which is hydraulically connected to the upper medium dense sand and
the seawater level. As a result water pressures of 6.5
bars at tunnel depth had to be considered for design
and construction (see Fig. 8).
In addition to available soil data provided by the
owner, further soil investigations and lab testing were
conducted with emphasis on determining the soil properties and behavior in the frozen condition and after
thawing has occurred.
Each cross-passage freeze zone consists of 22
freeze pipes and 2 temperature monitoring pipes. The
freeze pipes are located around the excavation line
as shown in Figure 9. A major construction problem
encountered with the installation of the freeze pipes is
the extremely high water pressure. To fit these installations, a special sleeve was designed. The borings were
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drilled from the eastern tunnel tube to the western tube,
using a specially enhanced lost bit drilling technique.
For the ground freezing operation of each crosspassage a York freeze unit with an operating brine
temperature of T = −37◦ C and a capacity of 94 kW
capacity was used.The freeze unit in container size was
located inside the launching tunnel tube directly beside
the cross-passages in order to avoid long conduits
causing heat losses.
Difficulties with achieving complete closure of
frozen soil at the interface of the cross-passage and
the receiving tunnel lining were recognized at the first
cross-passage. The problem occurred due to a modification in part of the tunnel where steel lining segments
were used. The steel lining at the cross-passage interface resulted in a larger heat transfer than originally
anticipated. In the parts where the frozen soil body
was connected to reinforced concrete lining segments
no problems occurred. Innovate methods to attain the
proper freeze temperatures were required. For the first
cross-passage dry-ice was used to cool down the steel
lining elements at the receiving tunnel resulting in a
soon closure.
For the rest of the cross-passages a temporary curtain around the steel lining segments was installed.
Inside of the curtain room the air was cooled down
using a special AC-unit. The closure was achieved in
every case without problems.

Figure 10. Model of the tunnel alignment.

3.3 Fahrlachtunnel; Mannheim, Germany
For the enhancement of the urban traffic situation
the City of Mannheim, Germany built the Southern
expressway. The alignment required the construction
of a 305 m long tunnel that undercuts 11 frequently
used railroad tracks in downtown Mannheim. During
the whole construction time the highspeed railroad
traffic had to be kept uninterrupted.
The tunnel was divided in two cut and cover sections and one 184 m long section directly underneath
the railroad tracks. That section was advanced using
the sequential excavation method (SEM) under the
temporary protection of a structural and watertight
frozen soil ring. The construction method was based
on an alternative approach (value engineering) submitted by the contractor (joint venture). Figure 10
shows a model of the tunnel alignment undercutting
the railroad tracks.
The temporary frozen tunnel was located in very
heterogeneous subsoil. The general soil profile consists of 4 m fill layer followed by a 2 m silt layer. Below
the clay are alternating layers of sand and gravel with
thicknesses from few centimeters to several meters and
a wide range of grain size distribution. The groundwater level ranged from 3.5 m to 7.5 m below the surface.
The top of the frozen tunnel was very close to the
railroad tracks and the frozen soil body was partly

Figure 11. Cross-section of tunnel.

above the groundwater level. The water saturation in
this area had to be artificially increased to achieve the
required strength of the frozen soil. Water with an additive to increase the viscosity avoiding of fast flow of
the artificial watering was injected in the soil. In addition grouting measures were conducted to reduce the
groundwater velocity in high permeable layers.
The frozen tunnel was divided by a frozen soil bulkhead over the length and also the width was split so that
in total 4 tunnel-drifts, each 90 m long, were advanced
by using the SEM. In Figure 11 a cross-section of the
tunnel using ground freezing is shown.
An auxiliary tunnel was advanced above the groundwater level for the installation of the freeze pipes for
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the bulkhead and the pipes for water injection and
grouting.
The drillings for the installation of the longitudinal freeze pipes started with conventional small size
drilling technique from both sides towards the frozen
soil bulkhead. The deviations of the drillings were so
high that the required accuracy could not be achieved
over a drilling length of 90 m. The accuracy was only
acceptable for lengths between 40 to 50 m which was
not sufficient for the project. The microtunneling technique was utilized using a diameter of approx. 47 cm
obtaining the required accuracy. Overall approx. 86
microtunnels were conducted. Each tube contained
2 freeze pipes. After installation of the freeze pipes
the remaining space inside the microtunnel tubes was
filled with mortar (Dämmer). The data of the frozen
soil bodies are listed following:

and a total capacity of 1,680 kW was used. The plant
was designed for the initial freezing (freezing-up to
required thickness) of one 90 m tunnel drive and frozen
ground maintenance of a 2nd 90 m tunnel drive at the
same time.
During excavation an initial shotcrete lining with a
thickness of d = 35 cm was applied. The final concrete
lining with a thickness of d = 50 cm was installed in
each tunnel drive after completion of the initial lining.
The Fahrlachtunnel project has been the largest tunnel construction using ground freezing worldwide so
far. Figure 12 presents a view to the launching shaft at
the south side of the tunnel.

– Four frozen tunnel drives
– Depth of frozen soil top below railroad D = 3.7 to
−7.0 m
– Excavation zone of each tunnel drive A = 100 m2
– 86 Microtunnelings of 0.47 cm diameter with a total
length of 7,900 m
– Total frozen soil length L = 2 × 92 m = 184 m
– Total frozen soil volume V = 27,000 m3
– Frozen soil thickness d = 1.75 m (Saturation
Sr = 1.0)
– Average frozen soil temperature Taverage = −10 to
−12.5◦ C
– Freezing time to closure t = 30 days
– Initial freezing time (time to freeze-up the structural
required thickness t = 5 to 8 weeks
– Frozen ground maintenance, freezing time approx.
≥4 hours/day
– Temperature monitoring approx. 1 thermocouple
per m3 of frozen ground (spacing a = 0.5 m or 3.0 m
respectively)

The Fernbahntunnel project, lot 3 consisted of construction of an underground railway with four tracks.
For the tracks, four single tubes with an excavation
diameter of 8.9 m and a 7.8 m inside diameter were
driven using slurry shield tunnel boring machines. The
launching shaft with a size of length/width/depth =
40/60/15 m was constructed using a large caisson
which was called SK1. The caisson contained 4 openings temporarily plugged with non-reinforced concrete
for the later launching of the four TBMs through
the caisson wall. It was planned to remove the nonreinforced concrete prior to the TBM installation. A
jet grouted seal block was constructed after the caisson was sunk to seal the openings after removal of the
concrete. The bulkheads served both as a structural
element (soil and water pressure) and to cut off the
water.
During the removal of the concrete for the first
opening initially water and then large amounts of water
and soil flowed into the caisson. The leakage could not
be stopped and the workers were evacuated. The loss
of soil outside the caisson caused a sinkhole at the
ground surface and the caisson finally was flooded in
order to prevent more damage.
Because of the significant leakage of the seal block
and also due to the soil movement numerous cracks
in the seal block were assumed to have occurred. The
decision was made to seal and strengthen the block
using ground freezing. Considering all conditions,
ground freezing was selected as the best method to
make repairs because all existing cracks and leaks can
be reached as the frost grows in the whole block and
the freezing strengthens the cracks due to the frozen
water.
The undisturbed ground in the area of the caisson
consists over the whole depth of fine to medium sand
with interbedded gravel layers of few centimeters. The
groundwater level was approx. 3.0 m below the surface. The existing seepage velocities were 1.5 m/day
and therefore not considered critical for ground

For the ground freezing operation of the four tunnel drives a freeze plant of four independent units
with an operating brine temperature of T = −35◦ C

Figure 12. Deep excavation southern side.

3.4 Rehabilitation of a jet grouted seal block,
Fernbahntunnel Lot 3; Berlin, Germany
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Figure 14. Top view and freeze pipe layout.

The last requirement was necessary to limit the temperature induced stresses in the concrete of the caisson
wall. In Figure 14 a top view of the caisson with the
freeze pipe layout is shown.
Following are listed the data of the freeze system:
Figure 13. Vertical section caisson and seal block
(jetgroutblock).

freezing purposes. Figure 13 shows a vertical section
of the caisson and the seal block.
For the remediation the thickness and the width of
the seal block was enlarged with jet grouting techniques. The final total thickness was approx. 7.4 m.
The purpose of the rehabilitation of the seal block
using ground freezing was to provide temporary
groundwater cut-off and ground support for the time
needed to lower the water inside the caisson, removal of
the non-reinforced concrete plug and installation of a
watertight membrane structure on the inside bulkhead.
Based on the structural design the required freeze
wall thickness was d = 3.5 m. The total size of the
freeze wall was width/depth/thickness = 60 m/16 m/
3.5 m with a total frozen volume of V = 3,400 m3 .
Based on thermal Finite Element calculations three
rows of freeze pipes with the following spacing were
chosen:
– Row 1 (next to the caisson): 0.9 m
– Row 2 and 3: 1.2 m
These freeze pipe layout was required to meet the
following demanding requirements for the freeze wall:
– Freeze wall temperature: T ≤ −10◦ C
– Outer edge temperature: T ≤ −2◦ C
– Temperature at the caisson
interface: −10◦ C < T < −20◦ C

– Total of 184 freeze pipes in 3 rows, 66 in row 1 and
50 in row 2 and 3 each
– 7 freeze pipes at the side
– 35 temperature monitoring pipes
– 6 to 10 thermocouples per pipe
– Total of 350 thermocouples to monitor the ground
and brine temperature
– Total freeze plant capacity of 465 KW at −35◦ C
– cooling agent CaCl2 brine (30 %)
– freeze-up time for first section (openings 1 and 2) to
meet all design requirements was approx. 5 weeks,
although additional 2 weeks of freezing was
required by the owner
– freeze-up section for second section (openings 3
and 4) was approx. 4.5 weeks, (reduced time due to
precooling in the adjacent section 1)
– Freeze wall maintenance phase in section 1 and 2,
freezing time approx. 6 to 10 hours/day
After removal of the concrete plug a special watertight membrane structure developed by the main contractor was installed under protection of the freeze wall
at each opening. The membrane structure consisted of
a circular steel ring which was attached to the edge of
the opening, and a rubber membrane that spans over
the entire opening. Bentonite mud was filled in the
space between membrane and the frozen ground. Once
a steady pressure on the mud was created the freezing
operation was turned off for that opening.
Once the membrane could be dismantled and
removed after the TBM was installed in the launch
ring and the chamber in front of the cutting wheel was
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Figure 15. Freeze wall exposed after removal of concrete
plug.

Figure 16. Deep excavation underneath a main station using
ground freezing.

pressurized by compressed air. Figure 15 shows a picture after removal of the concrete plug and prior to the
membrane installation.
Prior to launching of the air pressurized hydro shield
TBMs all freeze pipes had to be removed and the holes
had to be backfilled with grout preventing sudden
loss of pressure in the chamber in front of the cutting wheel during drive of the TBM through the seal
block. Therefore the freeze pipes were heated until the
ground temperature was approx. T = +2◦ C. All line
connections were changed from the freeze plant to a
heat plant consisting of two electrical immersion type
heaters with a total capacity of 150 kW. The heated
brine temperature was T = +30◦ C. It lasted approx.
33 days in total to heat up the ground as demanded.

– U 5 Shuttle – Underground station Brandenburger
Tor Subway line U5, Berlin , Germany,
– North-South City Train Line, Cologne, Germany,
– Cross-Passages Randstad Rail Rotterdam, The
Netherlands,
– Hubertustunnel The Hague, The Netherlands,
– Airport city train Hamburg, Germany,
– Large and deep excavation at a main station, combining concrete diaphragm walls and freeze walls,
– Construction of a 2-track city train line with excavation underneath an existing old main station 16 m
deep (see Fig. 16)
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