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Extreme cold weather resultsinwinter construction problems such as decreased human productivity,
increased brittleness of materials, and susceptibility of concrete to freezing.  On the other hand,
extended cold temperatures offer several advantages such as accessibility to remote areas,  natural
working platforms on rivers and lakes, and increased load resistance from frozen ground.

This paper documents the use of ice as a construction material for work platforms from which heavy
civil engineering structures such as bridges can be built.  Girder erection for the 400 m long ‘Suncor’
bridge over the Athabasca River near Ft. McMurray was carried out off an ice platform in the river.
Because of the short construction window, there was a need to optimize the thickness of the ice
bridge to minimize both its construction time and the risk of failure under the design load.  The paper
describes methods used to assess the structural characteristics of the ice sheet and design
considerations used to determine its bearing capacity under a variety of both transient and stationary
loads.
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USE OF ICE PLATFORMS FOR BRIDGE CONSTRUCTION

INTRODUCTION

Problems and challenges associated with construction in cold weather are widely known in Canada
and elsewhere.  Such problems include decrease in productivity (Canadian Construction Research
Board, 1994), placing and curing concrete, brittle fracture in steel, ice  forces on bridge piers
(Balakrishnan, 1998), freezing ground conditions, and others.  However, there are also opportunities
and advantages in winter construction such as accessibility by  ice bridges, improved capacity of
ground to support higher wheel loads, improved ground conditions (i.e. reduction or elimination of
dewatering), better slope stability and absence of mosquitos!

This paper deals with the use of an ice cover and an ice platform for bridge construction.  An ice
platform, constructed of varying thicknesses, can be used for construction operations such as bases
for drilling geotechnical boreholes, installation of drilled piles, base for pier construction and
erection of girders.  Such platforms offer the environmental advantage of isolating the water column
from the construction operation and thus satisfying the Fisheries Act requirements, namely the
prevention of the “harmful alteration of the fish habitat” , at a lower cost.

Typically, bridge pier construction in the river is carried out as follows:

1) Construct gravel berms extending from the shore to the pier location.  Up to about 1995 or
so, the environmental regulations have not explicitly prohibited use of regular earthen berms.
Currently, the berm material must be the gravel, size 25 mm plus, and the width of the gravel
berm must be such that not more than one half the waterway is restricted.  This usually
means that either one or two piers may be built concurrently, unless temporary work bridges
are built to the berms. 

2) Once the berms are constructed, piles could be driven or drilled through the berms.

3) After the installation of the piles, a pile cap and a pier has to be constructed.  This usually
requires a sheet pile cofferdam inside the berm, excavation of the material from inside the
cofferdam, dewatering, and casting of the pile cap and pier.

4) Berms and cofferdams are usually designed for fall/winter flow conditions for economical
reasons.  Therefore, the allowable “window” for construction is probably in the order of 6
months, beyond which the risk of washout increases significantly.  For example, during
construction of a major bridge in northern Alberta, the berms and the rail cars which were
used to temporarily span the berms (in order to obtain the required waterway) were washed
out three times, and three of the rail cars still have not been found!



5) After the piers have been constructed, the bridge girders are erected, working off the berms.
Two cranes will  usually be required for concrete girders.  For steel girders, one large crane
might be usually adequate.  However, temporary support piers will  be required if  the spans
are large, especially for steel girder bridges.

Depending on the construction period, ice platforms constructed by thickening the natural
ice covers, may be used as a base for construction of the piers or erection of girders or both.
If construction of the ice platform is possible, considerable savings in both time, resources
and environmental liability can be obtained.

STRENGTH AND DEFORMATION PROPERTIES OF ICE

Ice is a viscoelastic material in which the stress strain behaviour depends on its microstructure, time,
temperature, stress level, deformation history and level of impurities.  In this respect, it is instructive
to compare its properties to the widely used viscoelastic material: concrete.  All  values are
approximate and is based on laboratory data for ice from Gerard et al, (1990). 

Table 1

Property Concrete Ice Comments

Compressive strengths, normal 25 MPa 3.4 MPa Variation of in place strength is
considerable for ice

Tensile strength (modulus of
rupture)

3.0 MPa 0.5 MPa to
2.5 MPa

Depends on grain size,
temperature, etc.

Elastic modulus 25 GPa 4.3 GPa

Poisson’s Ratio 0.20 0.4

Sheer Modulus 10 GPa 1.5 GPa

Of particular interest is the creep performance.  Figure 1 shows the relationship of concrete and ice.
Rüsch (1960) (Taken from McGregor and Bartlett, "Reinforced Concrete - Mechanics and Design"
(2000), for concrete and Kerr, (1982) for ice.



a) concrete strain b) ice

Figure 1: Strain-Time relationship (a) concrete (b) ice

At about 75% of the cylinder compressive strength of the concrete, mortar cracking in concrete
begins to increase and a continuouspattern of microcracking begins to form at what is called the
critical stress.  If the specimen is not unloaded, strain increases more and more rapidly and failure
occurs.  Similarly, for ice, the creep with respect to time is even more pronounced but the strain rate
does not seem to "flatten out" with time, as it does for concrete.  For ice, this creep is important at
stress levels as low as 0.4 MPa (Gold, 1981).

STRUCTURAL BEHAVIOUR AND LOAD CARRYING CAPACITY OF  ICE
PLATFORMS:

1. Yield Line Theory:

According to yield line theory, a concrete slab subjected to a concentrated load fails by forming yield
lines in a fan shape.  See Figure 2.

Figure 2: Concentr ated load
forming yield lines in a fan shape.



Based on the theory of virtual work, an upper bound can be obtained for the load capacity, given by

P = 2 B m (1)
Where m is the bending moment capacity per unit length.

If we assume tensile strength of ice as 1000 kPa, then m = 1000 h2 kN m/m where h is the
    6

thickness of ice platform in metres.  Substituting in (1), we obtain
P = 1047 h2 (2)

Ice is a very brittle material therefore, strictly speaking, the yield line theory is not applicable to ice.
However, the yield line theory gives an indication of the upper bound.  For thick platforms,
membrane action might come into play, thus increasing the actual failure load.  However, because
the failure mode is brittle, there is not sufficient warning of the impending failure.  Therefore a
higher safety factor compared to reinforced concrete, is warranted.  One might surmise that if  a
reinforcement (such as geotextile fabric, perhaps) is introduced in the ice platform, the capacity
could be increased.

It is also important to note that as cracks propagate, water seeps through to the top of the platform
thus increasing the load and a type of ponding failure.

It is prudent to limit the load to formation of the initial crack (probably in tension at the bottom of
the ice sheet).  In this case, the load capacity for ice platform with 1 MPa modulus of rupture will
be 50% of the value in (2), that is

Pcr = 523 h2 (3)

It is interesting to note that the empirical formula often used to determine the allowable load (Kerr,
1982) gives this value as 

Pa = 890 h2 (4)

for transient loads on ice bridges

The presence of thermal gradient across the cross-section will create stresses.  Ice temperature is
close to 0°C at the bottom and when the ambient temperature falls well below this, self equilibrating
stresses are introduced across the cross-section.

Gold (1988) reports that, based on practical experience of the successful use of ice covers, P = 350 h2

to 1750 h2.  Experience has shown that, according to Gold, P = 1400 h2 may be used for short term
moving loads under controlled conditions.  Thus, P = 350 h2 is a fairly safe criterion.



2. Load Deflection Behaviour Based On Elastic Theory.

For short term transient load, (load duration of about 3 minutes or less, such as that for ice bridges),
the theory of plate on elastic foundation is applicable.

(5)

where

E = Young's modulus
< = Poisson's ratio
h = thickness
( = unit weight of water
q = applied load
T = deflection

A parameter called the characteristic length, R , can be used to simplify the left hand side of the
equation (5),  where

R =

Gold (1988) and others found that, based on field measurements, 

R = (6)

Solving equation (5) for the case of a concentrated load on uniform plate, one obtains the maximum
deflection under the load as

TO =  P (7)
8( R2

The deflection surface is bowl shaped, with deflection practically zero at about 3.5 R from the load.

For example, if h = 0.6 m, R = 10.9 m and the deflection bowl is about 70 m diameter.



Figure 3

Figure 4

The deflection pattern is confirmed by long term tests by Gerard et al (1990).  See Figure 3.
Variations of maximum deflection with time due to creep is shown in Figure 4. 



Beltaos and Lipsett (1978) have suggested that creep deflection be given by the expression

(8)

where t is the time after loading, and J is a time parameter taken as time for deflection to increase
to twice the initial deflection.

FAILURE CRITERIA

1. Freeboard Cr iter ion:

Density of ice is about 92% of that of water (approximately 9 kN/m3 compared to 9.8 kN/m3 for
water).  Therefore, if  the load is less than about 8% of the block of ice on which it is centrally placed,
failure does not occur (and the block of ice acts as a raft).  The freeboard criterion is to limit  the
deflection of the ice sheet at the loaded location to less than 8% of the thickness of the ice platform.
Therefore, using equations (6) & (7) and letting TO= 0.08 h, we obtain:

(9)

2. Strain Energy Criterion

Beltaos (1978) proposed that when the total strain energy exceeds a certain value, failure occurs.
This criterion can be used for both the long term and short term loading.  The suggested form is:

(10)

where  strain energy at the onset of failure, in kN.m, h is in metres.

For short term loading, duration of less than about 200 seconds,  the strain energy is essentially
elastic.  For suddenly applied loads (such as that due to moving vehicles) it is prudent to take the
strain energy as load x deflection, and combining equations (6), (7) and (10), for suddenly applied
short term loading,

(11)

3. First Crack Criterion



Figure 5: Parameter in Equation (12)

Kerr (1982) derived the following expression based on theory of plate on elastic foundation.

(12)

where  is a function of 

= a wherea = radius of the loaded circular area (See Fig.4)
R

Example:

Let us consider the short term and long term load carrying capacity of 0.6 m (2 feet) thick ice
platform:

" Safe Loads"  - Transient moving loads
Gold’s Safe Load Criterion = 350 h2 = 126 kN
(Based on experience)



Government of Manitoba:
Blue ice capacity = 250 kN
White ice capacity = 125 kN

University of Minnesota
Clear sound ice • 300 kN
("White ‘bubble filled’  ice should

Be twice as thick") => 100 kN

" Limit Loads"
Elastic/Strain energy criterion •  2454 h2 = 883 kN
Freeboard = 0.08 h = 0.048 m

Load based on limiting the deflection
to freeboard - (elastic) = 1605 h5/2 = 456 kN

Load based on initiating the first tensile
crack:

1 mm grain size of ice (snow ice) = 535 kN
25 mm columnar ice = 107 kN

" Long term Loads"
Environment Canada - parked aircraft = 135 kN
Based on l imiting the strain energy:

If long term creep (secondary creep) is
about 3.7 times initial deflection = 456 kN

If allowable deflection is limited to the free
board amount in the long term, and if

, the sustained load based on limiting the

immediate deflection to freeboard ÷ 3.7 = 125 kN

For 1 m thick concrete,
Gold’s ‘safe’ criterion = 350 h2 = 350 kN

For , limiting the long term

deflection to freeboard of 0.08 h = 80 mm
.....maximum sustained load 1605 h5/2 ÷ 3.7 = 433 kN

In both instances, it is seen that using Gold’s ‘safe’ load criterion in a fairly reasonable estimate of
the limiting load satisfying most of the other criterion.



Figure 6: Suncor - Athabasca River Bridge

It is also evident that liming the total maximum deflection to the freeboard is a reasonable, practical,
usually safe criterion and will  most likely maintain the creep below the "secondary creep" range.  It
is of course important to continuously monitor this deflection and determine both the rate and
magnitude.  Once the rate is stabilized, one should be able to extrapolate the time required for the
deflection to exceed the freeboard.

ICE PLATFORM FOR SUNCOR BRIDGE OVER ATHABASCA RIVER

Figures 6, 7 and 8 show the ice platform used for the construction of the Athabasca River bridge for
Suncor in 1998.  The weather cooperated and the total load (stationary and transient loads) were in
the order of 200 tonnes.  The bridge is about 400 m long, with three spans of 84 m and two end spans
of 69.5 m.  There are 3 steel girders in the superstructure, 3.5 m deep.  The bridge is designed to
carry 180 tonne haulpak mining equipment and 300 tonne transporters.  Figure 9 shows the bridge
nearing completion.

A synthesis of the considerations discussed above, was used to design this ice platform for the
combinations of stationary and transient loads.  The ice platform was used as a base for pier
construction and erect bridge girders.



Figure 8: Suncor - Athabasca River Bridge

Figure 7: Suncor - Athabasca River Bridge



Figure 9: Suncor - Athabasca River Bridge

CONCLUSIONS

Designing ice platforms involves considerations of previous experience, strain energy and various
failure criteria and creep.  Freeboard criterion in conjunction with field monitoring is a reasonable
approach.
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