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Artificially frozen ground tunnel - A case history 

Tunnel dans un terrain congelé artificiellement - Une étude de cas

C.H.FLOESS, Associate, Mueser Rutledge Consulting Engineers, New York City, USA 

H.S.LACY, Partner, Mueser Rutledge Consulting Engineers, New York City, USA

D.E.GERKEN, Engineer, Mueser Rutledge Consulting Engineers, New York City, USA

SYNOPSIS: Ground freezing provided temporary support for a shallow, 4.6m diameter soft ground 
tunnel beneath mainline railroad tracks in Cleveland, Ohio, USA. Tunnel crown was only 2.7m below 
the railroad ties. This method provided verifiable support prior to tunneling, reducing risk of 
sudden track movement. Tunnel design and construction are summarized. Monitoring data are also 
included, and compared with design predictions.

1 INTRODUCTION

Ground freezing was used to provide temporary 
support for a shallow 43m long tunnel beneath 
mainline railroad tracks in Cleveland, Ohio, 
USA. This technique had previously been used 
to mine shallow tunnels beneath trackage in 
Washington, DC (Jones and Brown, 1978), and 
Syracuse, New York (Lacy, et al, 1982), USA.

Ground freezing was required by the railroad 
to provide verifiable support prior to tunnel
ing and reduce risk of sudden track movement 
and emergency stoppage of traffic. More con
ventional techniques could have been used, 
such as tunneling with a shield, but these 
would have incurred greater risk of sudden 
ground loss and resulting track movement.

The tunnel is part of the Heights-Hilltop 
Interceptor sewer in Metropolitan Cleveland. 
The 3.4m ID precast concrete interceptor pipe 
was installed within a 4.6m diameter steel 
liner plate tunnel constructed within the 
frozen ground annulus. The crown of the liner 

plate tunnel extended to within about 2.7m of 
the base of the railroad ties. The tunnel 
passed beneath two high speed tracks and one 
spur track, plus twin 69kV power lines and two 
fiber optic cables buried in the railroad 
embankment. A sludge force main in the 
embankment was relocated prior to construc
tion. Project geometry is shown on Figure 1.

2 SUBSURFACE CONDITIONS

2.1 Test Boring Program

Five borings made along the tunnel alignment 
revealed that the tracks were underlain by 
approximately 3m of railroad embankment, 
comprising 0.5m of ballast, followed by soft 
to medium silty clay, with occasional lenses 
and pockets of clean sand and gravel. The 
bottom of fill coincided approximately with 
tunnel crown. Beneath the fill were two 
lacustrine deposits of silty clay with 
occasional thin laminations of fine sand and 
silt having a combined thickness of 3 to 4m.

LIMITS OF FIBER OPTIC
ICE RING CABLES

Fig. 1 Site Plan and Section

The upper deposit was soft to medium consis
tency; the lower stiff to hard and preconsol
idated. Borings were terminated in glacial 
till, a hard silty clay with some to trace 
sand and gravel, contacting the lacustrine 
clays about 0.5m above tunnel invert. Ground
water was near tunnel crown. Stratification 
is illustrated on Figure 2.

2.2 Laboratory Testing

Eleven undisturbed samples were recovered from 
the borings for testing. Index and strength 
tests were performed on selected unfrozen 
samples at the Mueser Rutledge Consulting 
Engineers laboratory in New York City. Frozen 
soil tests were conducted at the University of 
Alberta, Canada.
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Index testing confirmed that the fill, lacu
strine deposits, and till were all low plas
ticity clays, categorized CL in the Unified 
Soil Classification System. Plasticity 
indices varied from 6 to 12 and liquid limits 
varied from 24 to 32. Natural water contents 
of the clay fill and lacustrine clays were 
generally 0 to 9 percent above the plastic 
limit. Tests of unfrozen soil indicated that 
the lacustrine clay had compressive strength 
ranging between 60 and 180 kPa.

Frozen soil testing established design para
meters for the ice ring. Frost heave and thaw 
consolidation tests were used to estimate 
movement of overlying trackage during ground 
freezing and thaw. Creep strain tests were 
used to estimate magnitude of creep deforma
tion under sustained load. Results are 
discussed in Sections 3 and 5.

3 DESIGN

3.1 Analysis of Ice Ring

Stresses in the frozen cylinder from overburden 
and train loading were analyzed using the 
method of Einstein and Schwartz (1979). 
Various frozen wall thicknesses and tempera
tures were considered. Analyses assumed no 
relative shear displacement between the ice 
ring and the surrounding unfrozen soil. The 
steel liner plate was not included in the 
analyses, assuming that the ice ring would be 
temporarily unsupported before installation of 
the plates. Sustained train loading for a 
Cooper E-80 engine and repetitive dynamic 
loading using a 50 percent impact factor were 
evaluated. Maximum thrust stresses from 
dynamic train loading occur at tunnel spring- 
line, about 360 kPa for a 1.2m thick ice wall. 

This is only about 70 percent of the stress 
applied to laboratory frozen soil creep test 
specimens, which strained about 3 percent in 24 
hours at -7°C.

The analyses demonstrated the need for average 
frozen soil temperatures of -10“C and a 
minimum frozen ring thickness of 0.9m. To 
limit creep deflection, the required ice 
thickness in the upper half of the tunnel was 
increased to 1.2m.

3.2 Refrigeration Plant

A refrigeration plant of at least 100 ton (350 
kW) capacity was specified, and supply brine 
temperatures were required to be colder than 
-25°C after initial cool-down. These require
ments were based on forming the specified ice 
ring in less than 30 days with the design 
freeze pipe layout. It was intended to freeze 
the ground as rapidly as practical to minimize 
frost heave.

3.3 Downward Deflection of Tunnel Crown

Elastic deformation of the ice ring from train 
loading was estimated to be only 3mm. Esti
mated creep deflection for a static train load 
maintained 24 hours is nearly 40mm, while 
repetitive load of 100 trains would cause 
estimated creep deflection of about 75mm. 
Unpublished data on similar tunnels indicate 
that actual tunnel crown deflections are much 
less than estimated values because freezing

increases horizontal pressures on surrounding 
unfrozen soil. Freezing, in effect, preloads 
the adjacent ground. Liner plate installation 
minimized crown deflections by effectively 
limiting the time when trains could load the 
unlined section of the frozen soil ring.

4 CONSTRUCTION

4.1 Ground Freezing

Two sheeted access shafts were constructed at 
the tunnel ends. Trenches exposed critical 
utilities to avoid damage during pipe instal
lation and ground freezing. Because of 
concern that there was insufficient moisture 
in sand lenses above groundwater to achieve 
design frozen strengths, a water injection 
system was installed above tunnel crown. This 
comprised six slotted horizontal PVC pipes 
extending between shafts.

Contract documents required a maximum 0.9m 
center to center freeze pipe spacing, and a 
maximum pipe spacing to diameter ratio of 13. 
Pipe diameter was not specified; however, a 
pipe array was shown on the contract drawings, 
illustrated on Figure 2.

Installation of freeze pipes began in April 
1987 using 90mm OD steel pipe. Pipes were 
driven from the south shaft to the north 
shaft, 43m apart. Several installation 
methods were tried, including a pneumatic 
mole, jacking closed-ended, and advancing NW 
size (also 90mm OD) casing with an air track 
drill rig. None of these methods consistently 
advanced the freeze pipes from shaft to shaft 
while maintaining acceptable alignment. The 
contractor finally installed 220mm OD steel 
pipes using a cased auger and horizontal boring 

machine. The leading end of each pipe was 
equipped with a steerable head, capable of 
adjusting vertical alignment during installa
tion. This effective method was used to 
complete pipe installation. As the larger 
diameter freeze pipes provided much greater 
contact area with the surrounding soil during 
freezing, the contractor submitted a redesign 
with wider pipe spacing for the 220mm OD pipes. 
The new configuration was designed to provide 

closure of the frozen ground cylinder in the 
same amount of time as smaller pipes in the 
indicated array.

The as-built freeze pipe configuration is shown 
on Figure 3. Deviation of freeze pipes from 
intended position is also illustrated. Ground 
freezing began on August 25, 1987, using a 140 
ton (490 kW) refrigeration plant. Supply brine 
temperatures dropped below -25°C after a few 
days and then gradually approached about -32°C. 
Formation of the specified ice ring required 
about 30 days.

4.2 Tunneling

On September 24, 1987, tunnel excavation began 
from the north shaft using an Alpine Miner 
roadheader, trimming with jack hammers. The 
roadheader was designed for mining soft rock 
having compressive strength less than 49,000 
kPa. The short term strength of frozen clay 
is typically 5,000 to 10,000 kPa, well within 
the roadheader's capabilities.
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Frozen ground typically extended as much as 
about lm into the tunnel excavation. The 
center of the tunnel was unfrozen. Because of 
deviations of freeze pipes from their intended 
positions near the north shaft, the frozen 
ground annulus was offset relative to the 

tunnel. Frozen ground extended well into the 
tunnel excavation at its east side, while the 
west side was unfrozen. The annulus of frozen 
ground gradually became more concentric with 
the tunnel as the excavation approached 
critical trackage and the south shaft.

Liner plates were 0.41m wide and 0.96m long; 
each ring comprised 15 plates. Steel ribs 
were installed at every other liner plate 
ring. Work progressed around the clock, seven 
days per week. Once a routine was estab
lished, the contractor was generally able to 

install two rings per eight-hour shift for a 
total advance of about 2.4m per day.

Over-excavation beyond the liner plates 
typically ranged from nil to 300mm, averaging 
about 150mm. The annulus between the liner 
plates and excavation was packed with pea- 
gravel using pneumatic equipment. Pea-gravel 
was generally placed daily, or after the 
tunnel was advanced about 2.4m. The pea- 
gravel was grouted every-other day, or after 
the tunnel was advanced about 4.8m. Plaster 
of Paris was added to the grout mix to 
accelerate set time under the cold conditions. 
Mixes varied from one to two bags of plaster 
per bag of cement, plus sufficient water to 
produce a fluid mix. Sawdust was added to the 
grout to help plug leaks between liner plates. 
Experiment indicated that the mix with two 
bags of plaster worked best because of short 
set time: about five minutes. A program of 
regrouting was established by sounding the 
plates with a hammer to locate hollow areas 
and by opening all grout ports for inspection.

The tunnel was holed through on October 19, 
1987, 26 days after startup of excavation.

5 MONITORING

Specified instrumentation comprised settlement

Fig. 3 As-Built Freeze Pipe Layout

points on the rails over the tunnel, and 
thermocouples and frost indicators to monitor 
temperature and growth of the frozen ring. 
Supply and return brine temperatures were also 
monitored by the contractor.

5.1 Track Heave and Settlement

Soil movement from freezing and thawing is 
caused by two distinct but related phenomena. 
Frost heave, beyond the small volume increase 
resulting from the phase change of pore water 
to ice, is caused by the formation of ice 
lenses along the freezing front that draw in 
nearby water by negative pore water pressure. 
Ice lenses also form in compressible soils 
with natural moisture above their plastic 
limits by segregation of contained pore and 

film water (Chamberlain, 1980). Without an 
external water source, such ice lensing 

results in small volume increase and heave. 
However, significant settlement will occur 
during thaw when water in the ice lenses 
escapes. The thawed soil is denser and has 
lower water content than it had before 
freezing. Freezing, in effect, preconsolidates 
the soil. If the soil also has ready access to 
external water, then both phenomena contribute 
to ice lensing and subsequent "thaw consolida
tion". Settlement on thawing, measured 
relative to the heaved state, may therefore 
greatly exceed frost heave.

Frost heave and thaw consolidation were 
estimated using the University of Alberta 
tests. Samples were frozen while allowing 
access to free water at their base, thus 
permitting formation of ice lenses. The 
magnitude of frost heave was estimated to be 
90 to 180mm based on the concept of "Segrega
tion Potential", which is determined by 
measuring the volume of water absorbed by the 
soil sample during freeze (Konrad and Morgen- 
stern, 1981). The magnitude of thaw consol
idation was estimated to be 280 to 410mm 
based on measured thaw strain of 10 to 18 
percent in laboratory samples.

Movement of the tracks was carefully measured 
during freezing and thaw. Tracks were period
ically reballasted during this time to compen
sate for movement. Track movement above the
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tunnel centerline is illustrated on Figure 4. 
Actual heave is roughly equal to predicted 
heave. Actual thaw settlement is more diffi
cult to establish because of reballasting, 
evidenced by sudden increases in track eleva
tion. By extending measured rates of settle
ment during the thaw period, actual thaw 
settlement is estimated to be about 260 to 
340mm, somewhat less than predicted. Thaw 
extended through winter and was essentially 
complete by July 1988, about eight months 
duration.

5.2 Frozen Ground Instrumentation

Growth and temperature of the ice ring were 
monitored with thermocouples in three probe 
holes, shown on Figure 3. In addition, a 
series of 25 simple frost indicators were 
installed from the surface, comprising a clear 
plastic tube filled with a mixture of water 
and methylene blue, inserted into a larger 
diameter brine-filled hole. As the mixture 
freezes, the blue fluid turns white. The 

level of frozen ground can be determined by 
removing the insert tube and measuring the 
location of the color change. These low-cost 
indicators provide a detailed profile of the 
freeze boundary. Thermocouples were temp
orarily installed in some of the frost 
indicator holes to also monitor temperature of 
the ice ring.

The thermocouple and frost indicator data were 
used to verify that the ice ring had attained 
specified thickness and temperature. Monitor
ing was continued for the duration of tunnel
ing. The contractor also monitored brine 
delivery and return temperatures in groups of 
freeze pipes. These data can be used to 
identify inefficient or overcooled pipes and 
provide information on heat transfer.

6 SUMMARY AND CONCLUSIONS

Ground freezing was successfully used to 
provide temporary support for a shallow tunnel 
beneath railroad trackage. One lesson is that 
small diameter horizontal refrigeration pipes 
are difficult to install over long distances - 
larger pipes should be used. Predicted heave 
and settlement, based on laboratory test, are 
in good agreement with actual track movements.
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Fig. 4 Frost Heave and Thaw Consolidation 
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