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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.




IT 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,
1t 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,
W= (1)
where
W = theoretical deflection factor, dimensionless
w = deflection, ft.
k = foundation modulus (water density), lb/cu ft.
P = load, 1b
3 L
L = - H— , characteristic length, ft.
12k(1-07)
E = modulus of elasticity, psi
h = ice thickness, ft.
o = Polsson's ratio, dimensionless

Equation (1) can be used to solve for the ice deflection
at each survey stake. The calculated deflcction 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).

The 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 deflec-
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 13 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 jllustrated 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
ﬁer 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
SNIMMING POOL WITH DIMENSIONS OF 1S FT. BY 21 FT.
TOTAL WEIOHT - 43.103 LBS. BY 1385 MINUTES

OEFLECTIC: CURVES

170 MIN. ® 1306 NIN.
a 300 NIN. ®  BY THEORY
+ 1110 NIN.
X 1200 NIN.

0.00

-lo

':20

.
3
v

DEFl__ECTUN » FT.

-.40

.S0

'0.00 10.00 26.m 3%.00 48.00 50.00
DISTANCE. FT.

Figure 3. Static Load Test No.l: Deflection in the
Longitudinal Direction
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STATIC LOAD TEST NO. 1

DEFLECTION IN THE TRAVERSE DIRECTION
SHIMMING POOL WITH OIMENSIONS OF 1S FT. BY 21 FT.
TOTAL WEIONT - 43,103 LBS. BY 1385 MINUTES

OEFLECTION CURVES

° 170 NIN. ® 198 nIN.
s 00 NIN. ¢ GY THEGRY
+ 1110 NIN.
X 1200 MIN.
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e
v
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DEFLECTON. FT.

.40
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. 4 b e

v al

'0.00 10.00 zS.oo 30.00 40.00 50.00
DISTANCE. FT.

Figure 4. Static Load Test No.l: Deflection in
the Traverse Direction

MILL.OPPENERE ANO ARCTIC ORILLING ORP.




B. STATIC LOAD TEST NO.2

A reinforced plywood pool was used on November 27, 1971.
The 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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STATIC LOAD TEST NO. 2

OEFLECTION IN THE LONGITUDINAL OIRECTION
SHIMMING POOL WITH DIMENSIONS OF 1S FT. BY 21 FT.
TOTAL WEIOHT - 61,575 LBS. BY 19 MINUTES

() ® MIN ® 2740 MIN.
a 1N 4 8Y NEmY
+ 100 NIN
X 340 MIN

- .25 0 om

-.50

'
v

DEFLECTION. FT.
-.75

-1.00

1.28

A
v

0.00 000 ¢ 20.00 30.00 40.00 50.00
DISTANCE. FT.

Figure 6, Static Load Test No.2: Deflection in
the Longitudinal Direction
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STATIC LOAD TEST NO. 2

OEFLECTION IN THE TRAVERSE OIRECTION
SHIMMING POOL NITH OIMENSIONS OF 15 FT. BY 21 FT.
TOTAL WEIOHT - 61,575 LBS. BY 19 NINUTES

OCFLECTION CURVES

() e min. ® 270 nIN.
e 1N, * o nEmY
4 100 MIN.
X 340 WIN.

0.00

A
v

"2 -m

4

‘3 -m

DEFLECTION. FT.

"‘ om

A
v

20.00 St)m 40.00 S%M
DISTANCE. FT.

Pigure 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 24' x 24 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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LAYOUT DIAGRAM FOR
STATIC LOAD TEST NO. 3
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STATIC LOAD TEST NO. 3

DEFLECT IGh iN THE LONGITUDINAL OIRECTION
PLYNOOD TRANK WITH DIMENGIONS OF 24 FT. BY 24 FT.
TOTAL WEIOHT - 152,400 LBS. BY 65 MINUTES

OEFLECTION CURVES

o 9 NIN. L 4 o8 NIN.
a 17 NIN. * B8Y THEORY
+ 38 NIN.
x SO MIN.
8
61- ] ] | ] *
8
R ¢
-}
=
b e
w !
4
o
[
—
(—’8;‘_
W
-
[T
w
(=]
8
' T
g
'0.00 20.00 40.00 60.00 80.00 C

DISTANCE. FT.

Figure 9. Static Load Test No.3: Deflection
the Longitudinal Direction

MILL .OFFGHORE AND ARCTIC ORILLIND GRP.
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STATIC LOAD TEST NO. 3

OEFLECTION IN THE TRAVERSE OIRECTION
PLYNOOD TANK WITH DIMENGIONS OF 24 FT. BY 24 FT.
TOTAL WEIOMT - 152,400 LBS. BY 65 MINUTES

OEFLECTION CURVES

o 3 NIN. L4 o8 nIN.
a 17 NIN. 4 BY NEORY
+ 95 NIN.

x SO MIN.

0-
-
Al
-

*

-20

-.40

=E
L]

A
v

DEFLECTION, FT.
-.60

n
L]

A
v

.00 20.00 40.00 60.00 80.00 100.00
DISTANCE. FT.

S
-

o1-00

Figure 10. Static Load Test No.3: Deflection in
the Traverse Direction
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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
ijt. The reference elevations were taken within twenty minutes
after the vehicle was positioned on the ice.

20
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LAYOUT DIAGRAM FOR
STATIC LOAD TEST NO. 4
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STATIC LOAD TEST NO. 4

DEFLECTION IN THE LONOITUDINAL OIRECTION
THE UNLORDED RCT-100 WAS POSITIONED ON THE ICE SHEET — OROSS WT. 187 TONS

OEFLECTION CURVES

L 30 NIN. ¢ 207 NIN.
a 00 NIN. ¢ Y NMOORY
+ $10 NIN.
X 1230 MIN.

—
)

. FT.
=15 :

DEFLECTION

‘lom

A d

'o"l 025

.00 464» éaxn 80.00 100.00
DISTANCE . FT.

Figure 12. Static Load Test No.l4: Deflection in
the Longitudinal Direction

NILL .OPYEMORE D ARCTIC ORILLIND GRP.
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STATIC LOAD TEST NO. 4

OEFLECTION IN THE TRAVERSE OIRECTION
THE UNLOROED ACT-100 WRG POSITIONED ON THE ICE SMEET — OROSS WT. 107 TONG

OEFLECTION CURVES

o 30 niN. ® 2070 NIN.
s 90 MIN. * oV nEmy
+ $10 nIN.
X 123 NIN.

- 075

DEFLECTION. FT.

-1.00

.00 20.00 43.00 60.00 80.00 100.00
DISTANCE. FT.

Figure 13. Static Load Test No.4: Deflection in
the Traverse Direction
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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. 1In
every case the measured deflections were larger near the load
than the elastic deflections. The maXimum deflection under the
10ad 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 1ice 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
jce 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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NEVEL'S MATHEMATICAL MODEL
FOR AN INFINITE ICE SHEET

Nevel(l) developed the mathematical equations for an
infinite strip on an elastic foundation. A computer program
based on these equations has been prepared. This program can
be used to simulate an infinite plate by assigning an extremely
large value to the width of the river.

The program considers an ice sheet over a river with a
rectangular load placed at the center.
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We can approximate an infinite ice sheet by assigning a
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.
’

=N

-axis dimension for point(s) of interest, ft.
meximum terms in series (500), dimensionless
Poisson's ratio for ice, dimensionless

wowonnnnnn

]
o HHXE =2

The computer program will then calculate the value of
each of the following output items which are all dimensionless:

WKL

P = deflection factor

= slope factor in x direction

slope factor in y direction

= moment factor in x direction

—%}—- = moment factor in y direction

= shear moment factor

deflection, ft.

foundation modulus (water density), 1lbs/cu.ft.
load, 1lbs

characteristic length of ice, ft.

slope in x direction, ft./ft.

slope in y direction, £t./1¢,

ice thickness, ft.

stress in x direction, psi

stress in y direction, psi

shear, psi

= X
X <X PUXN=E

LI O A1 | L

G/\
% O
Lw

Since we usually know k,h,L, and P, we can calculate w,
Wxs Wy, 9% Oy and Oxy.
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The computer program 1is based on the following equations:
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