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I. INTRODUCTION

During the 1971-72 winter at Yellowknife, Canada, a
SUNOCO E&P test program was conducted to determine the dynamic
response of an air cushion vehicle as it traversed through
and over an ice sheet. As part of the overall program, static
load tests were run to obtain data on the response of an ice
sheet to heavy loads distributed on the ice with a large load
area.

The goal for the static load tests was to cause the ice
to fail under a known load and load area. At specified time
intervals the deflection profile of the ice sheet around the load
was monitored and recorded. One of the objectives of these
tests was to extend present knowledge for loads on small load
areas such as track vehicles to loads on large load areas such
as an air cushion platform for an arctic drilling rig. Another
objectivewas to evaluate the potential use of a static load
test as a method for measuring engineering ice properties.

 



 

 

II INFINITE ICE SHEET MODEL

Nevel (1) has developed mathematical models for a semi-

infinite plate on an elastic foundation and for an infinite

strip on an elastic foundation. The infinite strip model has

been programmed on a computer and used to study problems of loading

an ice sheet covering a river. One can extend Nevel's computer

program to study loadings on an infinite ice sheet by simply

putting into the program an extremely large value for the width

of the river relative to the dimensions of the load area(2).

Since the derivation of the mathematical model is formidable,

it will not be presented in this report. Reference 1 contains

the derivation in sufficient details for those readers who are

interested. The resulting equations used to develop the computer

program are presented in Appendix A.

For the static load tests we are interested in the theo-

retical deflection factors at each survey stake. This factor is

2
wkL
i

(1)

where
W = theoretical deflection factor, dimensionless

w = deflection, ft.

k = foundation modulus (water density), lb/cu ft.

P = load, 1b

3 X

L = —— , characteristic length, ft.

12k(1-9° )
E = modulus of elasticity, psi

h = ice thickness, ft.

p = Poisson's ratio, dimensionless

Equation (1) can be used to solve for the ice deflection

at each survey stake. The calculated deflection profile will

be compared to the measured deflection profile.
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III. TEST CONDUCT AND RESULTS

Four static load tests were conducted on the ice sheet

covering the Back Bay area near Yelloknife, Canada. In the first

three tests the load was applied rapidly by pumping lake water

into either a swimming pool or a large plywood tank. ‘These

three tests took place in the designated test area as shown

in Figure 1. For the fourth test the unloaded air cushion

vehicle was positioned on the ice at 500 feet beyond the end of

Test Course No.8 (see Figure 1).

Te deflection of the ice sheet was measured using a surve-

yor's level and survey stakes. The stakes were placed at measured

intervals along each of the two major axes of the load. Before

the load was applied, the elevation data were obtained for the

stakes at time zero and thereafter at a preselected time interval.

The reports containing the original field data were placed in the

permanent data file.

The elastic deflection at each rod position was calculated

using the theoretical deflection factors. The measured defilec-

tions at selected times were plotted as a function of distance

from the load. These times were chosen so as to present the

changes of the deflection profiles with time.
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A. STATIC LOAD TEST NO.1

On November 20, 1971, a swimming pool with dimensions of

21' x 15' x 4' was assembled and positioned on the ice sheet.

The ice thickness was 1.3 inches and the water depth was 15 feet.

Nine survey stakes were placed along the two major axes of the

swimming pool as shown in Figure 2. At rod position No.6 the

survey stake was on a float so that the water level could be

measured at the same time the ice deflection readings were being

taken. Table I presents the incremental deflection at each rod

position and the cumulative water level. The theoretical deflec-

tion factor for each rod position is also given. In Figures 3

and 4 the deflection profiles are {llustrated for the longitudi-

nal and the traverse direction.

The rate of loading initially averaged 52 pounds per minute

for the first third of the time and then dropped to 30 pounds

hes minute as an overall average. This rate was lower than the

500 pounds per minute we were striving to obtain.

The vinyl plastic pulled away from the frame when the pool

was half full. No cracks in the ice adjacent to the pool were

observed.
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STATIC LOAD TEST NO. 1

DEFLECTION IN THE LONGITUDINAL DIRECTION

SWIMMING POOL WITH OLMENSIONS OF 15 FT. BY 21 FT.

TOTAL WEIGHT - 43.103 LBS. BY 1395 MINUTES

OEFLECTIG): CURVES

170 MIN. @ 1986 MIN.

a 300 MIN. * BY THEORY

+ 1110 MIN.
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Figure 3. Static Load Test No.l: Deflection in the

Longitudinal Direction

HILLGFFENORE (0 ARCTIC GRILLINO GNP.
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STATIC LOAD TEST NO. 1

DEFLECTION IN THE TRAVERSE OIRECTION

SWIMMING POOL WITH OLMENSIONS OF 15 FT. BY 21 FT.

TOTAL WEIOHT - 43.103 LBS. BY 1395 MINUTES

OZFLECTION CURVES

e 170 MIN. @ 1906 MIN.

oad 900 MIN. * ev THEORY

+ 1110 MIN.

x 1280 MIN.
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Figure 4, Static Load Test No.1: Deflection in

the Traverse Direction

HILL .OPPENERE AO ARCTIC GRILLING GRP.  
 
 

 



 

 

B. STATIC LOAD TEST NO.2

A reinforced plywood pool was used on November 27, 1971.

Tne dimensions of the pool was 21' x 15' x 4', The ice thick-

ness was recorded as 15.5 inches at a point 10 feet from the pool.

As the pool was being filled, lake water came up through this

hole and began filling the depressed area surrounding the pool.

The rate of loading averaged 3240 pounds per minute. The deflec-

tion of the ice sheet was monitored for 46 hours. The positions
of the survey stakes are shown in Figure 5. The incremental

deflections and the cumulative water level are presented in

Table II. The deflection profiles for this test are shown in

Figures 6 and 7.
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LAYOUT DIAGRAM FOR
STATIC LOAD TEST NO. 2

11 FIGURE 5
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STATIC LOAD TEST NO. 2

DEFLECTION IN THE LONGITUDINAL OLRECTION

SHIMMING POOL WITH OLMENSIONS OF 15 FT. BY 21 FT.

TOTAL WEIGHT - 61.575 LBS. BY 19 MINUTES

© © MIN @ 2740 MIN.

od Onin *  6Y THEORY

+ 100 MIN

x 340 MIN
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Figure 6, Static Load Test No.2: Deflection in
the Longitudinal Direction

ELLOFFENGRE AD ARCTIC GRILLING GRP.   



 

 

STATIC LOAD TEST NO. 2

CEFLECTION IN THE TRAVERSE OIRECTION

SHIMMING POOL WITH OLMENGIONS OF 15 FT. BY 21 FT.

TOTAL WEIGHT - 61.575 LBS. BY 19 MINUTES

SEFLECTION CURVES

e @ nw. @ 2740 nin.

a Lenin. ° ov Theory

+ 100 MIN.

x 340 HIN.

0
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0
0
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Figure 7. Static Load Test No.2: Deflection in

the Traverse Direction
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C. STATIC LOAD TEST NO.3

For the third test a large plywood tank reinforced with

wire, was built with the dimensions of eu! x aht x 8', On

December 16,1971, the survey stakes were positioned as shown

in Figure 8. The ice thickness at the pump (100 feet away)

was 19 inches. The averaged rate of loading was 2345 pounds

per minute. Fifty minutes into the test, the on-site observers

reported that several of the existing thermal cracks in the

surrounding ice had begun to widen. After 60 minutes, a crack

had formed around the tank at a radius of 30 feet. The bottom

of the tank separated from the sides at 69 minutes into the test.

The incremental deflections and the cumulative water level are

given in Table III. Figures 9 and 10 illustrate the deflection

profiles in the longitudinal and the traverse direction.
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STATIC LOAD TEST NO. 3

DEFLECTIGA iN THE LONGITUDINAL DIRECTION

PLYWOOD TANK WITH DIMENGSIONG OF 24 FT. BY 24 FT.

TOTAL WEIOHT - 152.400 LBS. BY 65 MINUTES

OEFLECTION CURVES
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Figure 9. Static Load Test No.3: Deflection in

the Longitudinal Direction

HELL OFFENORE AND ARCTIC ORILLIND GRP.
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STATIC LOAD TEST NO. 3

OEFLECTION IN THE TRAVERSE OIRECTION

PLYWOOD TANK WITH OIMENGIONS OF 24 FT. BY 24 FT.

TOTAL WEIGHT - 152.400 LBS. BY 6S MINUTES

OEFLECTION CURVES

° 3 MIN. eo 6S MIN.
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Figure 10. Static Load Test No.3: Deflection in

the Traverse Direction

HILL.GFPENORE (OD ARCTIC ORILLIND GRP. 
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D. STATIC LOAD TEST NO.4

For this test the air cushion vehicle having an unloaded

gross weight of 187 tons was positioned on the ice at 500 feet

beyond the end of test course No.8. The weight on the ice

was distributed over the hull area which was 57' x 39'. After

positioning the vehicle, the survey stakes were placed as shown

in Figure 11. The ice thickness in the general area of the

vehicle was 30 inches.

The test began on February 11, 1972 and was terminated

after a period of 49 hours. Between nine and twenty hours into

the test, five peripheral cracks occurred 20 to 40 feet out

from the vehicle. Since this time period was at night, no one

could estimate the approximate time the cracks began to appear.

Table IV summarizes the data for this test. Deflection profiles

are given in Figure 12 and 13.

The positioning of the vehicle caused an initial deflec-

tion which was not measured nor was the field data adjusted for

it. The reference elevations were taken within twenty minutes

after the vehicle was positioned on the ice.
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NOTE:

WEIGHT OF VEHICLE IS DISTRIBUTED
OVER THE HULL AREA OF 39x 57 FEET.

— 57' --|

LAYOUT DIAGRAM FOR

STATIC LOAD TEST NO. 4

FIGURE 11
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STATIC LOAD TEST NO. 4

DEFLECTION IN THE LONOLTUDINAL OIRECTION

THE UNLORDED ACT-100 WAS POSITIONED ON THE ICE SHEET — GROSS WT. 167 TONS

OEFLECTION CURVES

@ 30 MIN. @ 270 in.
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Figure 12. Static Load Test No.4: Deflection in

the Longitudinal Direction

HULLOFFONORE GO) ARCTIC GRILLIND GRP.
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STATIC LOAD TEST NO. 4

OEFLECTION IN THE TRAVERSE OIRECTION

THE UNLOROED ACT-100 WAG POSITIONED ON THE ICE SHEET —- GROSS WT. 167 TONS

CEFLECTION CURVES

e 90 nin. @ 2070 KIN.
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+ S10 NIN.

x =1230 MIN.

-
7
5

D
E
F
L
E
C
T
I
O
N
.

F
T
.

-1
.0

0   
-00 20.00 40.00 60-00 80.00 100.00

DISTANCE. FT.

Figure 13. Static Load Test No.4: Deflection in

the Traverse Direction

ATLL .OFFENORE OD ARCTIC ORILLIND GRP. oy

 

 



 

 

 

IV DISCUSSION OF RESULTS

The measured deflection profiles were compared to the elastic

deflection profiles in Figures 3,4,6,7,9,10,12, and 13. In

every case the measured deflections were larger near the load

than the elastic deflections. The maXimum deflection under the

load was considerably greater than the deflection predicted by

elastic theory.

The classical upward deflection at the rim of the depressed

area was not detected in the data nor observed at the test site.

Creation and propagation of cracks in the interior of the ice

sheet was not observed because of the snow cover. Major cracks

of separation were seen only in Test Numbers 3 and 4, but complete

failure of the ice sheet did not occur in any of the tests.

The viscoelastic behavior of the ice sheet was more pro-

nounced than was anticipated. These deflection profiles cannot

be used to valuate engineering ice properties because the proper

equations have not been developed at this time. The set of

equations for an infinite strip on an elastic foundation are

inadequate for estimating the deflection profile of the ice

sheet.

Since an ice sheet exhibits viscoelastic properties,

we need to extend our elastic model by incorporationg viscous

effects. Some effort (3,4) has been done along these lines

but the derived equations are only valid for deflections directly

under the load and for relative small load areas.
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CONCLUSIONS

1. Deflection profiles cannot be used to evaluate engineer-

ing ice properties because the proper equations have

not been developed.

2. Maximum deflection under the load was considerably

greater than the deflection predicted by the elastic theory.

3. The viscoelastic behavior of the ice sheet was more

pronounced than was anticipated.

4, The set of equations for an infinite strip on an elastic

foundation was inadequate for estimating the deflection

profile of the ice sheet.

5. Loading rates less than 4500 pounds per minute were

too slow and usually allowed creep conditions to occur

several minutes before the tanks were completely filled.
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RECOMMENDATIONS

1. Production Research Department should direct an effort

toward the development of equations for predicting the

viscoelastic response of an infinite ice sheet on an elastic

foundation. This set of equations should predict the time

dependent deflection profiles when the ice sheet is sub-

jected to large distributed loads.

2. The potential for using deflection profiles to deter-

mine engineering ice properties should be evaluated.

3. Static load tests should be performed on fresh water

ice to establish the reliability of the equations.
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APPENDIX A

NEVEL'S MATHEMATICAL MODEL

FOR AN INFINITE ICE SHEET
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infinite strip on an el

based on these equation

 

NEVEL'S MATHEMATICAL MODEL

FOR AN INFINITE ICE SHEET

be used to simulate an

large value to the width of the river.

d the mathematical equations for an

astic foundation.

s has been prepared.

infinite plate by assigning an extremely

A computer program

This program can

The program considers an ice sheet over a river with a

rectangular load placed at the center.

 

 

 

   
  
 

 

 

Using the characteristic length of ice, L, we convert to

a dimensionless system.
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We can approximate an infinite ice sheet by assigning 4

large value to the width of the river.

The input variables to the computer program are:

width of river, ft.

y-axis dimension of load, ft.

x-axis dimension of load, ft.

characteristic length of ice, ft.

x-axis dimension for point(s of interest, ft.

y-axis dimension for point(s) of interest, ft.

maximum terms in series (500), dimensionless

Poisson's ratio for ice, dimensionless

4
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x
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The computer program will then calculate the value of

each of the following output {tems which are all dimensionless:

 

 

2

_ = deflection factor

WkL”
P = slope factor in x direction

W KL?

t— = slope factor in y direction

oh?

P = moment factor in x direction

Oo h?

+ = moment factor in y direction

P = shear moment factor

w = deflection, ft.

k = foundation modulus (water density), lbs/cu.ft.

P = load, lbs

L = characteristic length of ice, ft.

Wy = slope in x direction, ft./ft.

w.. = slope in y direction, ft./ft.

% = ice thickness, ft.

oy = stress in x direction, psi

oy = stress in y direction, psi

Oxy = shear, psi

Since we usually know k,h,L, and P, we can calculate w,

Wx» Wy » ox” Oy » and Oxy
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The computer program is based on the following equations:

wk” - > ¥)2 one | cos $e (1)

KL

my

kie te y’ 2 sin &2

|

cose 3

oy t (5)

 

 

oh L eSese! 2 oi «| cost (4)
gp 2

For 2>K a

6 = dummy variable ,¢.€., Sim el. = sin® - sine

Y= a {LeeseIrae + wy" (7)  



 

 

, 1
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-60 n+4
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n- MHz
W —Biel

Y = | e sme |, My. (9)
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Y=€ [ie in Postar) +(I-€ “ deste)

t g* y"
bo)

Aten
/ -f@ Z

y= e? le (fsnd + rose)yy (1)

( - $/e| | Mz
y “: a Sin Olaemie (12)

FoR m=O

yy = ote hn ( Bsin n+ r COS n ) (73)

pe

yy’ = eh" sin 77 (14)

yi. aCesmy-6esn) (15)
Jt

33 
 



 

where:

 

    

gd = rl/Z

T = series count number,¢-€)

for 2% O- L=1,2,%,...N Then
eM) ii

T has same valve as L.

é = vi + gt

f= /¢az

2 zy= ,/@=¢
@
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