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SYNOPSIS: Mars Island was built 5 km off the north coast of Alaska in January and February 1986. The island rose 16 m 
above the sea floor in a water depth of 8 m. Measurements of the vertical deformation of the ice was made at a number 
of locations throughout the working life of the structure. Overall, the surface of Che island settled 0.3 m from end 

of construction.

The opportunity was taken to carry out 31 pressuremeter creep tests in situ in the spray ice of the island. The 

work, which is described here, is the result of an attempt to answer the following question: If pressuremeter tests, 
which last only a few hours, are carried out in a recently constructed spray ice island, how well will the results 
predict the subsequent creep settlement of the island over a period of up to two months?

The answer to this question is of considerable engineering significance. Both the design of the island to resist 
horizontal ice forces, as well as the design of the drilling system require an accurate prediction of how much the 
island will settle. It was concluded from this study that the pressuremeter can predict the steady-rate creep of spray 

ice with good precision.

INTRODUCTION - SPRAY ICE ISLANDS

Because of winter ice conditions, exploration wells in 
the Beaufort Sea off the north coast of Canada and 
Alaska are drilled from artificial islands. These are 
massive mounds of sand which has been dredged from the 
seafloor. In deeper waters, an underwater sand berm is 
topped by a concrete or steel caisson which is, in 
turn, filled with dredged sand. To date, some 40 of 
these structures have been built.

Artificial islands have to be massive because, during 
winter, movement of the ice which covers the sea 
subjects the islands to large horizontal forces. These 
ice forces are resisted by friction between the base of 
the island and the seafloor and by frictional forces 
within the sand of the island itself.

In deep water, the cost of a sand island can be 
prohibitively expensive, particularly if the sand 
borrow area is at some distance from the site. For 
example, if sand had been used in 1966 to build an 
island in 8 meters of water some 5 km offshore from 
Cape Halkett, Alaska, the cost would have been 
approximately $35 million U.S. for the island alone.

The force that a moving ice cover can Impart to an 
island is reduced if a grounded rubble field of broken 
ice forms in front of the island. Engineers have 
sought ways in which a rubble field can be encouraged 
to take seed early in the ice forming process, and ways 
in which a natural rubble field can be increased in 
size for added protection. One effective way of 
supplementing the natural build-up of rubble was first 
tried in 1978. It was found that by spraying seawater 
up into the cold winter air with pumps - much in the 
way that artificial snow is manufactured on ski slopes

- mounds of so-called "spray ice" could be built up in 
front of an island.

It was realized at the same time that this technique 
could be used to build the islands themselves, doing 
avay with dredged sand entirely. Calculations showed 
that cost savings in using spray ice instead of sand 
would be considerable. For example, studies in 1986 
concluded that cost reductions might be of the order of 
75%, which would lead to a savings of $25 million in 
the case of the Cape Halkett Island mentioned earlier. 
However, the performance of spray ice as a load 
carrying platform was unknown.

The minimum volume of ice required depends on how 
high the island would have to be raised above sea 
level. The height, in turn, depends on the contact 
stresses needed to provide adequate base sliding 
resistance. One factor in the calculation of bottom 
contact stress is that submerged spray ice is buoyant, 
that is, the ice below sea level has a negative 
effective density. So the weight of the ice above sea 

level not only would have to supply the contact stress 
but overcome the buoyancy forces as well.

Once concern centered on the post-construction 
performance of the spray ice island. If the ice were 
to consolidate to any major degree, the settlement 
would mean that less and less ice remained above sea 
level. Hence, the contact stresses would drop and the 
island would have lower and lower resistance to 
horizontal forces.

Another problem was that post-construction settlement 
of the island surface would influence the design of the 
drilling system and rig support.

Given these unknowns, a small prototype island was 
built off the coast of Alaska in February and March 

1985 by Sohio and partners. The island was built in 
about 9 m of water, It reached an average freeboard of

5 m and had a diameter of 107 m. The island was built
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over a 30 day period using two pumps with capacities of
14,000 1/min and 3,800 1/min, respectively. Total 
settlement of the island, measured from the end of 
construction was about 0.3 m over a two month 
monitoring period.

Encouraged by the performance of the Sohio island, 

Amoco decided to build a full-size spray ice island and 
use it as a drilling platform. Four large pumps, each 
capable of spraying 19,000 1/min were brought out onto 
the frozen Beaufort Sea near Cape Halkett in January 
1986. The pumps sprayed seawater into the cold winter 
air throughout January and February (Figure 1). The 
water froze in the air and fell as partially frozen ice 
droplets. At the end of construction, Mars Island (as 
it was called) was some 300 m in diameter (Figure 2).
It stood in 8 m of water and rose to a height of 8 m 

above sea level. In addition to the drill rig and its 
ancillary equipment such as mud tanks and pipe racks, 
the island supported housing for the drill crews and 
offices.

Figure 1- Construction of Mars Island
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Figure 2. Mars Spray Ice Island

An exploration well was drilled from Mars Island to a 
depth of approximately 2600 meters during the period 
mid-March to mid-April 1986.

This paper looks at the vertical deformation that 
Mars Island underwent during its working life. Six 
vertical Sondex settlement tubes were installed. Each 
system comprises a corrugated flexible casing.
Stainless steel rings are attached to the outside of 
the casing at pre-deterrained intervals. The casing 

stretches from the ocean bottom to the top of the 
island. A sensor is passed through the tubing from 
time to time to determine the current location of each 
steel ring by means of magnetic induction.

The bottom ring is used as the zero reference. Since 
the seabed soils could settle, the system does not give 
absolute settlement but only the relative movement of 
the rings. However, for our purposes, this information 
is adequate. Knowing the distance between rings and 
their relative displacement, it is possible to 
calculate the strain that occurs in the ice between 
rings. Figure 3 illustrates the settlement with time 
of the surface of the island and at a number of depths 
within the island at one particular location (in this 
case at Sondex location S04). Note that the depths 
which are indicated are the initial positions of the 
sondex rings with reference to mean sea level. The 
settlements themselves are with respect to the ocean 
floor which is assumed not to move.

Time, days

Figure 3. Settlement vs Time, Sondex S04
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The information in Figure 3 is typical of the 
settlement which was recorded at the six island 
locations where strings of settlement rings were 
installed. The results from five of the six Sondex 
locations are used in this study.

The strains which are determined from the 
settlement data of Figure 3 are plotted against time in 
Figure 4. Note that the stress which is indicated for 
each curve is the vertical effective stress at the 
mid-height of the relevant layer of ice (the initial 
mid-height elevation is also shown). The vertical 
effective stresses were calculated using the spray ice 
densities which were measured on site.

PRESSUREMETER TESTS

Over the past six years, the University of Manitoba has 
studied the creep behavior of warm ice. Initially, 
this study was linked with the desired to understand 
the potential deformation of the warm permarrost w m c n  
is found to depths of 600 meters or more under the 
Beaufort Sea. If permanent production islands were 
built in the Beaufort Sea to tap the petroleum wealth 
of the area, then deformation of the permafrost would 

be a prime concern.

The work with ice at the University of Manitoba now 
extends to sophisticated experiments to measure the 
flow of ice around objects of various shapes such as 
spheres and rods. The physical properties of the ice 
we use are measured by means of both triaxial tests and 

pressuremeter tests.

Given the experience in the creep behavior of ice, 
Amoco Research asked the U. of M. to join with them in 
a pressuremeter test program in the ice of Mars Island. 
The objective of the program was to determine how well 

the results of relatively short term in situ 
pressuremeter creep tests (lasting a few hours) would 
predict the continuing vertical deformation of the 

island mass.

Two 0Y0 electro-mechanical pressuremeters were 
mobilized to the island and tests were run from March 
21 to April 8, 1986. By this time, the settlement 
records indicated that primary creep settlement was 
virtually complete, but that secondary creep settlement 
was ongoing. The pressuremeter tests were planned,

therefore, to determine the steady-rate (secondary) 
creep parameters of the ice and to compare these with 
the future performance of the island itself. This 
comparison Is made on the basis of pressuremeter creep 
tests which lasted anywhere from two hours to five 
days. The objective was to find out how long a 
pressuremeter creep test had to last before It measured 
accurately the secondary creep performance of spray 
ice. It was felt that if short tests would work, then 
many more tests could be carried out in a given time 
and with a given number of pressuremeters. The 
advantage of many tests would be that the overall 
characteristics of the ice mass could be determined 
with greater confidence.

All in all, 31 pressuremeter tests were carried out. 
However, the results of 15 of the tests had to be 
discarded because of difficulty with maintaining the 
pressure in the probe constant during the tests. Of 
the 16 good tests, two were single stage tests which 
lasted five days each. The rest were multi-stage tests 
with five tests lasting one day and two tests lasting a 
half day. Table 2 lists the pressuremeter test 
locations, depths, and the ice temperature. The tests 
with hyphenated numbers are the multi-stage tests, with 
the stage of a particular test being given after the 
hyphen. The pressure at which a test was run and the 
length of each test are indicated In the table.

All data pertaining to the pressuremeter tests given 
in this paper are corrected data. Since the thickness 
of the nominally 4 mm thick membrane varies with both 
the diameter of the probe and with the pressure in the 
probe, the true thickness of the rubber at any moment 
during a test has to be estimated from calibration 
curves. As a result, the calculated diameter of the 
borehole is probably accurate to within + 0.05 mm.

Corrections must be made as well for the resistance 
of the membrane at any stage of a test. Membrane 
resistance correction measurements are made both In the 
field before and after at test (with a probe at the 
temperature of the Ice that is being tested) as well as 
in the laboratory. Since the resistance of the rubber 
Is not only a function of temperature but a function of 
time as well, the laboratory calibrations are run over 
a wide range of temperatures and probe expansion rates.

For example, the pressure which is required to hold the 
pressuremeter inflated to a particular diameter can 
drop by as much as 25% over a period of 12 hours. We 
estimate that the corrections applied to the gas 
pressure which is measured in the probe (in order to 
calculate the pressure of the probe on the ice) are 
accurate to + 5 kPa.

The corrected strain-time curves for a two hour, a 12 
hour, and a five day test are shown in Figures 5, 6, 
and 7, respectively.

Figure 4. Strain vs Time, Sondex S04
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Figure 5. Pressuremeter Test PM601-3
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Figure 6. Pressuremeter Test PM512-1

DEFORMATION COMPARISONS

Table 1 lists the steady-rate creep rates based on 
the Sondex settlement readings. Table 2 lists the 
steady-state creep rates based on the pressuremeter 
tests. In all cases, the rates are those that were 
measured toward the end of the island's life (in the 
case of the settlement records) or towards the end of 
the pressuremeter tests.

Table 1 - Creep Data from Settlement Measurements

Sondex Depth, m T''C a '

V

KPa

•c
£

S

in'6 -1 xlO mn

ïc(-10°C)
s

in'6 -1 xlO mn

SOl-a 0. to 4 .27 -9..2 13 0.02 0 .018
SOl-b 4.27 to 7.92 -4,,2 37 0.37 0 .130
SOl-c 7.92 to 9.45 -2..5 49 0.69 0 .220
SOl-d 14.32 to 16..76 -2..5 44 0.31 0 .099
S02-a 4.27 to 7..62 -4..7 34 0.11 0 .057
S02-b 9.14 to 13..72 -2..5 41 0.19 0.060
S03B-a 7.92 to 9..45 -2..5 49 0.22 0.070
S03B-b 9.45 to 14..32 -2.,5 44 0.22 0.070
S03B-C 14.32 to 16,,76 -2..2 38 0.35 0.110
S04-a 4.57 to 8..23 -3.9 40 0.16 0.071
S04-b 8.23 to 9,,75 -2..5 53 0.51 0.160
S04-C 9.75 to 14..63 -2.5 48 0.75 0 .238
S05-a 4.27 to 7..92 -4. 2 37 0.14 0 .066
S05-b 4.92 to 9..45 -2.5 49 0.31 0 .98

Table 2 - 1Creep Data from Pressuremeter Tests

Test Depth T P Test
•c
€

S
¡C(-10°C)
s

No. m •c KPa Duration in'6 -1 xlO mn in’6 ‘I xlO mn
hrs.

504-1 2.58 -10 .7 270 24 4.02 4.42
504-2 2.58 -10 .7 470 4 30.1 33.2
505-1 3.25 -11 .3 115 23 2.65 3.20
505-2 3.25 -11 .3 185 24 3.88 4.70
507-3 4 .60 -9 .4 160 23 2.58 2.40
510-1 6 .01 -6 .1 105 24 1.66 1.08
512-1 7.89 -2 .8 130 12 8.95 3.10
512-2 7.89 -2 .8 310 2 104.5 36.0
512-3 7 .89 -2 .8 485 2 263 91
512-4 7.89 -2 .8 650 2 694 240
601-3 0 .44 -22 .4 832 2 62.5 367
601-4 0 .44 -22 .4 1105 1.5 115.4 678
605 3.35 -10 .4 150 118 2.00 2.10
607 4 .62 -6 .1 105 119 1.55 1.00
705-3 3.39 -8 .9 91 10 0.97 0.87
707-1 4 .61 -8 .3 195 8 14.6 12.3

Time, min

Figure 7. Pressuremeter Test PM605

Pressuremeter tests are generally run at pressures 
which are relatively high to keep the membrane 
resistance correction relatively small in comparison 
with the probe pressure. At a gas pressure of 1300 
kPa, the membrane correction was only 15%, whereas the 

membrane correction amounted to 57% of the 210 kPa gas 
pressure in our lowest-pressure tests.

High pressures are also necessary in pressuremeter 
testing to ensure that the creep strains are
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sufficiently large during the test to be measured with
sufficient precision. *-

c
On the other hand, the vertical effective stresses in Ë

che island were low - between 0 and 50 kPa, as compared ^  
to pressuremeter pressures which ranged from 90 to 1100 
kPa. Thus, it is not possible to compare secondary

creep rates directly - there is simply no overlap of ■*-
the stresses. ^

A convenient way of comparing secondary creep rates 
in these cases is in terms of Glen's Law for ice 
(otherwise known as Norton's Law for materials in 
general). This law has the form:

* A n€ -  k a

where e - strain rate

A - a constant which depends on the type of 
ice and on temperature

a - the applicable stress 
n - the material constant

and is the equation of a straight line in log c, loga 
space.

Since A is temperature dependent, all measured strain 
rates have to be normalized to some convenient 
reference temperature. In ice mechanics -10°C is often 
used as the reference temperature. This temperature 
denotes the boundary between:

a) The Voytkovsky relationship, which is applicable 
for temperatures, T, of between 0 and -10°C:

and b) The Arrenhius equation, which is applicable at 
temperatures colder than -10°C -

ca exp (gT)

where g is a constant

The right hand columns of both Table 1 and Table 2 
list the equivalent steady-rate strain rates at the 
reference temperature of -10°C. These rates are 
plotted against vertical effective stress or against 
the cavity pressure in the log-log plot of Figure 8. 
Noted beside each pressuremeter test result is the 
length of the test in hours.

The straight line which is shown on Figure 8 is based 
on linear regression.

DISCUSSION

When making up Figure 8, we have taken a rather 
cavalier attitude towards complying with the 
theoretical aspects of creep as put forward by, for 
example, Hult 1966. We simply assume that a' and p can 
be substituted for a In Glen's Law. In fact, a is the 
equivalent von Mises stress, which is quite complicated 
in the case of the pressuremeter. To be theoretically 
correct, we should also take the horizontal stress in 
the spray ice of the Island into account when computing 
the von Mises stress for both settlement and the 
pressuremeter. This is a stress we do not know.

It is worthwhile noting (Figure 8) that the length of 
time a pressuremeter test need be run in order to 
measure the secondary creep rate for spray ice is as 
little as two hours. Also, it does not seem to matter 
if the pressuremeter tests are multi-stage tests.

Figure 8. Steady Rate Creep Rates 

CONCLUSIONS

Figure 8 is strictly an empirical relationship between 
pressuremeter results and island settlement results.

It appears to work very well. Thus it may be concluded 
that short term pressuremeter tests can indeed be used 
to predict the secondary creep induced settlement of a 
spray ice island. In fact, tests as short as two hours 
gave steady-rate creep values which were equally as 
valuable as the rates which were measured in longer 

tests.

It is important to normalize all test results to a 
common reference temperature. A reference temperature 
of -10°C is convenient.

The empirical expression for the secondary creep rate 
of spray ice at -10°C is:

/ c , s2.7 . -1
i-10°C ~ X v °r

with a' and p in kPa. 
v r
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