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ABSTRACT: Artificial ground freezing (AFG) is a well-established technique 
first practiced in South Wales 1862 and since then many different temporary 
and permanent applications have been developed. Freeze Dredging is a novel 
dredging technique. Firstly it stabilizes the contaminated sediment by freezing 
and then the frozen sediment is lifted up above the water with a minimum of 
disturbance. Full-scale field test has been performed with very good results. It 
has been hypothesised that underwater freezing can be used also for removal of 
radioactive material, containers with hazardous content being fragile due to 
degradation and ammunition. This paper describes the basic principles of the 
technology and lessons learned from the full-scale tests.  
 
INTRODUCTION  
Industrialisation has caused production and discharge of numerous hazardous 
wastes to air, ground and water. Wastes have been discharged both as polluted 
air and water, and as concentrated waste like containers with hazardous 
chemicals, deposited in the ground or in water.  

Although improved technologies for remediation, sharper legislation and 
an increased environmental awareness have improved the situation, polluted 
sediments and hazardous wastes dumped under water pose a risk of continuous 
harmful release of polluting agents. A special form of underwater disposal in 
Sweden is the large amount of surplus ammunition dumped during the fifties 
and sixties (Hörnström, 1996). Another form of hazardous waste disposed 
under water is radioactive waste dumped directly into the Arctic Ocean by the 
former Soviet Union (Layton et. al 1997). 

Luleå University of Technology evaluates the environmental effects of 
sediment removal trough a novel dredging technique – Freeze Dredging. The 
Freeze Dredging technology is a development of traditional ground freezing 
and it is based upon thermal stabilization of the contaminated sediment before 
removal. The technique has been used in different sediment remediation 
projects. It has been hypothesised that the technology can be useful for removal 
of other types of hazardous wastes than sediments. This paper presents some 
results from the sediment removal projects performed and discusses the 
advantages and shortcomings of underwater freezing for removal of other types 
of hazardous waste.  
 
ARTIFICIAL FREEZING 
The significant strength of frozen soil-water mixtures can be used for 
engineering purposes. Man-made artificial ground freezing, AFG, was first 
practiced in South Wales in 1862, and patented in Germany in 1883 (Harris, 
1995). Since then, many different temporary and permanent applications have 
been developed. The most wide spread application is stabilisation of soils and 
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rock during underground construction work, lining of underground gas storage 
tanks and maintenance of permafrost under heated buildings and pipelines. The 
very low hydraulic conductivity of frozen ground has started an increasing 
interest in exploring the possibilities of using frozen ground for environmental 
protection (Dash, 1994). The use of AFG for retention of radioactive leaching 
is one of the top ten methods suggested by the American EPA for safe storage 
of nuclear waste in the US and there are already some examples of this practise 
(US department of energy, 1995).  

The basic principle of ground freezing has been the same since it was 
first used. Freezing is induced by driving freezing pipes trough a stratum, 
circulating a refrigerant liquid trough these pipes, and then proceeding with the 
excavation. The scale of the ground freezing operation is readily adjusted; it 
can be used fore very small installations, and has been used for excavations up 
to 45 m in diameter and down to 900 m below the ground surface (Harris 
1992).  
 
FREEZE-DREDGING 
When using Freeze Dredging, the challenge is to freeze material under the 
water surface, and to remove it while frozen. Brine conducting pipes or tubes 
are arranged in a fashion that enables freezing, lifting and unloading of the 
frozen material, the structure is called a “freeze-cell”.  

At the moment two basic cells are used, (1) the vertical arrangement 
having pipes of a length corresponding to the depth of the contamination and 
(2) the flat cell with tubes arranged in a horizontal manner being placed at the 
surface of the sediment. For dredging of sediments to a maximum depth of 
0.5m flat cells are used, for deeper remedial work vertical arrangements are 
more appropriate, figure 1.  
 
 
 
 
 
 
 
 
 
 
FIGURE 1. Left freeze-cell with vertical freeze pipes, right flat freeze-cell. 
 

The brine circulating in the freeze-cells are kept at a temperature of –20 
to –40 °C, using a mobile freeze plant. When the sediment has frozen, the cells 
are lifted one by one. To avoid sediment suspension and erosion; a lifted cell is 
preferably surrounded by other freeze-cells or by an area where the sediment 
already is removed. The freeze-cells are then unloaded and replaced, starting 
another freeze cycle, figure 2. 
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FIGURE 2. Lift and replacement of freeze-cells. Left: cross section where 
the dark area represents polluted sediment.  Right: Plan sketch of the lift 

and replacement of a freeze-cell surrounded by other freeze-cells, or by an 
already dredged area. 
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The time needed for a freeze cycle depends on many factors. The most 
important are: 
• temperature of the freezing brine 
• thermal properties of the sediment 
• type of freeze-cell used 
• heat loss to the water  
 
The time of a cycle can vary from a few hours to many days depending on the 
chosen design. The longer cycle is valid for freezing with vertical pipes 
arranged in a pattern with large c/c distance. The shorter corresponds to 
freezing of thin layers of sediment beneath a flat cell.  

The most energy-consuming step is the phase transition from liquid 
water to ice. In sediment, being almost pure water, the cooling energy of 
freezing 1 m3 is close to 360 MJ (100kWh). To obtain this, the theoretic input 
of electricity to the freezing plant, is approximately 120 MJ (30 kWh). 
 
FIELD TESTS 
 
Vassijaure   
During the reconstruction of the station area in Vassijaure, northern Sweden, a 
petroleum contamination in a nearby lake was discovered. The source of the 
pollution is unknown, but a train workshop previously situated close to the lake 
is the most probable cause. 
 The total area of the contaminated sediment was approximated to 500 
m2, and the volume to 54 m3. The average water depth in the contaminated area 
of the lake was 2,2 m. The total depth of the sediment was approximately 2m, 
with a maximum depth of contamination of 0,25 m. The maximum amount of 
petroleum products was 6300 mg/kg dw, based upon samples taken from the 
sediment. The water content in the top 25 cm varied between 87-94 % and the 
organic content varied between 78-89%.  

The full-scale dredging was carried out using 10 flat freeze-cells with the 
dimension of 1,8 x 1,2 m2. The freeze plant used, had a capacity of 30 kW at 
the temperature of - 20 °C. The theoretic value of heat removal from the 
surface of the cells was 1 kW/m2, giving a total heat removal effect from the 10 
cells of 22 kW. The freeze plant was placed on the shore and the cold brine 
was lead to the freeze-cells trough floating pipeline. The lifting, unloading and 

 3



re-placing of freeze-cells were done with a truck placed on pontoons 
manoeuvred with wires, figure 3. The lifting capacity of the truck was 1.2 ton. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

 
 

 
The freeze-cells were placed on the sediment surface in rows. 

When the right depth of the  sediment was frozen, the cell was lifted, unloaded 
and then replaced, thus forming a part of a new row. Both mechanic and 
thermal treatment were used for the unloading. During thermal unloading, 
warm brine was circulated trough the cell, thus thawing the top layer, which 
caused the frozen sediment to fall off. Using mechanical unloading the 
sediment was detached using a mallet and wedges. 

FIGURE 3. Freeze dredging in progress with brine conducting pipe, 
freeze-cell and truck placed on pontoons. 

freeze-cell 

The lowest temperature used in the cells was –35 °C. The freezing cycle 
varied from 12 to 36 hours, depending on the dredging depth. The thickness of 
the removed sediment varied from 7 to 27 cm. During the test, freeze-cells 
were lifted, frozen sediment unloaded and cells replaced 97 times. Two cells 
malfunctioned due to problems with the brine distributing hoses. Freeze-cells 
emerged due to extensive freezing six times. The total amount of freeze-
dredged material was 28 m3 in comparison to the total amount of 54 m3.The 
total area of the contaminated layer was approximately 500 m2 and during the 
test 240 m2 of the most polluted part was dredged, figure 4. 

In order to quantify the remaining amount of petroleum after dredging, 
five locations in the dredged area were sampled with a core sampler. The cores 
were segmented and analysed and the average amount of petroleum products in 
the upper 15 cm was 250 mg/kg dw. Thus, the reduction of the petroleum 
concentrations were found to be in the order of approximately 90%. 
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FIGURE 4. Map over the dredged area. The darkest areas 
represent the largest depth of contaminated sediments. Dots 

represents places were core samples were taken prior to the freeze-
dredging. 

 
 
 
 
 

Muskö navy base    
Muskö navy base is situated in the archipelago south of Stockholm (58°N, 
18°E). The base is constructed by underground tunnels and contains facilities 
for submarine and ship repair and maintenance. Outside the submarine and ship 
docks, polluted sediments have settled in the tunnels. The limited amount of 
space in the tunnels and the fact that the bottom of it is solid rock complicates 
the uptake of the material. In order to determine whether Freeze Dredging is a 
possible remediation technique, a pilot test was performed. During the pilot 1 
ton of sediment was lifted from one of the tunnels. The uptake was carried out 
with the use of two flat freeze-cells with an area of 0,6 x 1,2 m, and 6 cells 
with 370 mm long vertical pipes. The freezing plant used had a capacity of 16 
kW at –20 °C and the brine temperature varied between –3 and –9 °C,. Due to 
practical arrangements the freezing plant was placed 80 m from the uptake 
area, figure5. 

 
  
FIGURE 5. Schematic drawing of the placement of the freeze plant and 
freeze-cells in the tunnel of Muskö navy base. The depth of the tunnel 
varied from 9 m to 19 m. 
 

In the area where vertical pipes were used, sediment to a depth of 400 
mm were frozen and then lifted while frozen. Most material was removed from 
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a water depth of 19 m. The total time of freezing was 40 hours. Due to 
problems with the distribution system the flat cells only froze for 24 hours. The 
depth of sediment frozen under the flat cells was 70 mm. The pilot showed that 
underwater freezing is possible to use also at large water depths, and that 
Freeze-Dredging is a possible remediation technique for the sediments in the 
navy base. 

 
Vassaraträsk   
At the station area of Gällivare, northern Sweden (67°N, 20°E), oil and heavy 
metal polluted sediment was discovered in a small canal. The canal forms a 
link between the station area and the lake Vassaraträsk. The length of the 
polluted section of the canal was 75 meters and the width about 1800 mm. The 
depth of polluted sediment was 15-20 cm and the water ratio (mw/mtot) 30 to 
60%. Before dredging the canal was drained out and the water level was kept at 
a low level by continuous pumping. Freezing was induced by  using loose 
tubes placed in the sediment and connected to the freeze-plant. Two freezing 
plants were used, 4 kW and 16 kW at –20 °C. The tubes were placed at a depth 
ranging from 3 to 10 cm into the sediment, figure 6.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIGURE 6. Schematic view over the canal. The grey area represents 
frozen material. The length of the canal is 75 m. To the right, a cross-
section of the frozen sediment and placement of the tubes is depicted. 

 
The whole area of the canal was frozen at the same time and the average 
freezing depth was 220 mm with a maximum depth of 350 mm. The total 
amount of material frozen was 30 ton. When the sediment was frozen it was 
easily excavated with an excavator. In addition to the frozen material another 
40 ton of clay underlining the sediment was dug out. The stability caused by 
the freezing made it possible to transport the material on open trucks while 
frozen, figure 7. 
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FIGURE 7. Excavated frozen sediment material. 
 
ANALYSIS AND DISCUSSION 
The field test performed showed that it is possible to use thermal stabilisation 
also in underwater projects. To minimize energy losses, the refrigeration plant 
should be placed close to the remediation site, preferably floating on some kind 
of pontoon. One factor limiting the scale of removal with freeze-dredging is the 
capacity of the refrigeration plant. Plants are available for AFG applications for 
freezing at least 500 m3 of sediment with a water content of 90% a day. Crucial 
for the amount of frozen material produced is the water content of the material.  
 In the field tests, both flat freeze-cells as well as cells with vertical pipes 
and single tubes were used. All with good results. The uptake at the Muskö 
Navy base showed, that it is possible to freeze material at a water depth of 
almost 20m.  

With a combination of flat-cells, vertical pipes and single tubes it is 
likely to believe that objects embedded in sediments, or placed on the seabed 
can be salvaged using underwater freezing. Leading cold brine trough the 
tubes, or cells, placed around the object an ice cap can be formed surrounding 
the object. Cells or tubes are connected to a freeze plant placed on the seabed 
or on a boat at the water surface. The capacity of the compressor, design of the 
freeze-cells and temperature of the brine, are all important factors for being 
able to create an ice cap. The object will thus be covered  with an ice layer 
thick enough to be resistant for leaching. The needed thickness of the ice layer 
depends on the type of pollution, potential radiation, or the risk for leaching. 
Another important factor is the demand of physical strength of the ice cap.  

For salvage of objects covered with sediments, freeze-pipes may be 
inserted around and below the object. To reduce heat losses, the surface above 
may be insulated , figure. If the obeject is lifted while frozen the technique is 
very similar to Freeze-Dredging. 

In the case of having the object lying on the seabed surface, figure 8b, it 
is vital to restrict the heat flow to the surrounding water in order to be able to 
form an ice layer. This can be done by using an insulating cover around the 
object.  
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FIGURE 8 Formation of ice layers around objects surrounded by 
sediments (a) or objects lying on the seabed (b). 

 
CONCLUSIONS 
Freeze Dredging is possible to use for the remediation of polluted sediments. 
The method is probably most beneficial in severely contaminated sediments, 
where the demands for high accuracy and removal with minimal suspension 
are crucial. The technique will probably be especially well aimed for sediments 
with a low water content that are difficult to dredge using traditional dredging 
technique.  
 The possibility to design the freeze-cell in many different ways makes it 
likely to believe that underwater freezing can be used also for other scenarios 
than polluted sediments.  
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