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ABSTRACT

An elongated, unlaxial brass ice stress sensor
has been developed by the University of Alaska and
used in several field experiments. Laboratoery cali-
bration tests have been conducted, in a 60 x 29.5 x
8.5 in. (1524 x 750 x 216 mm) ice block ilmto which the
gensor wag frozen, to determine the sensor's response
characteristics. Test results indicate that the
sensor acts as a stress concentrator with a stress
concentration factor of 2.4 and transverse sensitivity
of -1.3 at stresses below 30 lbf/:l.n.2 (207 kPa). At
streases greater than 30 1bf/in.2 (207 kPa) the stress
concentratjon factor increased and the sensor exhibit-~
ed a time delay response to load. Differences of 22%
were measured between the measured sensor stress im-
medlately after a constant ice load was applied and
the asymptotic stress limit. Interpretation of
measured sensor stresses can be considered reliable at
ambient ice stress levels below 30 lbf/in.2 (207 kPa).

INTRODUCTION

Ice stress 13 recognized as an important factor
in the design of marine and hydraulic structures, ice
drift, ride-up, plle-up, pressure ridge formation and
pressures in reservoirs. Cox and Johnson [l] reviewed
the design and response characteristics of several
sensors that have been buillt to measure stresses in an
ice sheet.

One of the early stress seugor designs was
developed at the University of Alaska. WNelson [2] and
Nelson et al. [3] described the design requirements
and experimental test results for an elongated, uni-
axlal brass ice stress sensor. The sensor was con-
structed from a brass bar with a reduced diameter
section. Strain gauges are attached to the reduced
diameter section such that all arms of the strain
bridge are active. A copper sheathing covering and a
waterproofing compound protect the electronics. End~
caps extend from the ends of the transducer to provide
tension gripping in the ice (Fig. 1). The initial
development and calibration of the sengor was conduct-
ed using a 3 in. (76 mm) long by 1 In. (25.4 mm)
diameter gauge with a 1 in. (25.4 om) reduced diameter
secrion 2-1/2 in. (63.5 mm) in lengerh [3].

DHrect load calibration tests were conducted by
Nelson et al. [3} and included creep loading, rapid
loading, and loading until the ice block failed.

These tests indicated that the stress concentration
factors varied from 3.4 to 6.4 depending on the type
of test conducted. The stress concentration factor,
a, 1s defined as the ratic of the measured stress to
the applied stress when the long axis of the sensor is
oriented in the loading direction. These tests also
demonstrated that the sensor was sensitive to loads
applied perpendicular to the long axis. This trans-
verse sensitivity varied between -1.53 and -0.082,
depending on loading conditions. The transverse sen—
sitivity, 8, 1s defined as the ratio of the measured
stress to the applied stress when the long axis of the
sensor is oriented normal to the loading direction.

The uniaxial stress sensor has been used in
several field experiments to estimate ice stresses
near grounded objects, thermal and tide-generated
stresses in shorefast sea ice, and stresses associated
with ice movement and deformation [4,5,6]. These
studies utilized 5 in. (127 mm) long by 2 in. (5C.8
om) diameter sensors as shown in Figure 1. Stress
sengor measurements were Interpreted by assuming a
constant stress concentratlon factor, o, equal to 3.2
and ignoring the transverse sensitivity (B = 0). The
uniaxial sensor has also been used to measure ice
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FIG. 1. Elongated, uniaxial brass ice
stress sensor.



stresses around offshore structures off rhe north
coast of Canada and Alaska in 1983 and near the coast
of Pinland in 1984 (Sackinger, persomal communica-—
tion). Past and current interest in utilizing the
uniaxial brass stress sensor to measure ilce stress
points out the need to define the sensor's Tresponse
characteristics, which have not been well defined or
fully utilized.. Calibration teat results by Nelson et
al. [3] showed that « and B varied significantly, even
when loading test conditions were similar. In addi-
tion, analytical analyses of an elongated inclusion
inserted into an elastic plate indicate that the
stress concentration factor for the uniaxial stress
seasor may depend on 9, the angle between the princi-
pal stress axis and the long axis of the gauge [7].
Past field experiments using the uniaxial sensor have
used data reduction techniques that have ignored the
transverse sensitivity of the gauge. These stress
measurements may be suspect unlesg the contribution of
transverse sensitivity is negligible.

The present paper presents the results of a cali-
bration test program that was designed to resolve some
of the questions railsed above about the uniaxial
sensor's respounse to applied loads. The procedure was
to: 1) determine experimentally the sensitivity of
the uniaxial sensor {change in sensor electrical out-
put per unit change in applied load) before it was
embedded in an ice block; 2) determine experimentally
the in~ice stress concentration factor of the sensor
as a function of 8; 3) determine experimentally the
in-ice transverse sensitivity of the sensor; and 4)
present an analytical technique for interpreting the
in-ice stress sensor calibration results.

TEST PRODCEDURES

Calibration tests were conducted using a uniaxial
sensor with dimensions identical to the sensors that
were used in earlier field experiments (Fig. 1). The
two basic tests that were conducted included a direct
locad test on the gensor and loading an ice block inteo
which a sensor had been frozen, The direct load test
was conducted by placing weights on one of the end-
plates of the sensor while the other endplate was held
in a vise. The load was cycled several times in an
effort to determine the stress sensor's sensitivity,
linearity, and hysteresis characteristics. The second
test wags conducted by freezing the uniaxial sensor
into a large freshwater fice block, which was then uni-
axlally loaded by a hydraulic ram. The ice block was
60 {in. long, 29.5 in. wide, and 8 in. thick (1524 x
750 x 216 mm) (Fig. 2). These dimensions were chosen
so that the stress disturbance in the ice block due to
the presence of the sensor was not felt at the bound-
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aries of the block. The use of an ice block of suff{-
ciently large dimensions is necessary to ensure that
the block can adequately represent an infinite ice
gheet and thereby reduce the variability of the test
results. Nelsonm et al. [3] used an 8 x 8 x 12 in.
(203 x 203 x 304 mm) bleock for their tests ona 3 x 1
in. (76 ® 25 mm) diameter gauge. This small block
size may account for some of the varlability of their
results.

Freshwater ice was used for convenience; however,
the results should be applicable to saline ice as
well, The uniaxial strese sensor was designed to be
sti1ff as compared to 1ce {i.e. to have an elastic
modulus much greater than that of freshwater or saline
ice). Nelson {2] has shown analytically that the
stress concentratlon factor of a stiff elongated
stress senmsor is little affected by changes in the
modulus or by creep of the lce. These results are
supported by experiments on stiff cylindrical stress
sensors which were embedded in both freshwater and
saline ice [1,8]. The experiments indicate that
differences in the elastic modulus and creep behavior
for freshwater and saline ice do not significantly
affect the behavior of a stiff stress sensor.

The freshwater ice block used in this experiment
was grown in the lecading frame (Fig. 2). The base of
the frame consisted of a 1 im. (25.4 mm) thick sheet
of plywood that was covered with a double layer of
plastic sheeting. The plastic sheeting provided a
watertight membrane during freezing and a low frictiom
surface under the ice block during loading. The side-
walls of the ice growing frame were also made from
plywood. The plywood was coated with a lubricating
grease to prevent the ice from bonding during fce
growth. The loading platens at the ends of the load
frame were covered with a double layer of plastic
sheeting. The uniaxial sensor was placed at mid-depth
in the center of the framework and allowed to freeze
in place. Once the ice block was made, the plywood
sidewall supports were removed. The ice block was
then loaded using a 100,000 1bf (45 MN) hydraulic
cylinder. The loads were monitored with a 150,000 1bf
(67 MR) load cell that was mounted in series with the
hydraulie eylinder. The load cell was calibrated by
the manufacturer and was found to respond linearly
over the full range of lcads used in the calibration
test. Loads were accurately resolved to 150 1bf (670
N) which corresponds to a stress of 0.6 1bf/in. 2 (4
kPa). 1Initially it was planned to run all loading
experiments to a maximum stress of L00 1bf/in.? (689
kPa). As preliminary tests resulted in a shear
failure between the loading platens, the maximum
stress was limited to 30 1bf/1n.2 (207 kPa) for the
ma jority of tests. The applied stress was increased
to 70 1bf/in.2 (483 kPa) for the final test series
with the sensor's long axis aligned parallel to the
direction of the applied stress, & = 0°.

Tests were conducted at an ice block temperature
of 23°F (~5°C) with the sensor at five different
orientations te the applied stress. The sensor was
first tested at 8 = 0°. A chain saw was used to re-
move the sensor from the ice. The sensor was then re-—
oriented to 6 = 30° and refrozen into the center of
the block, and another set of tests were conducted.
This procedure was vepeated for 8 = 45°, 60°, and 90°.
There was some concern that removing the seasor from
the ice block and then refreezing it iato the block
might alter the test conditions. The effect of the
removal/installation process was examined by conduct—
ing the final test series by removing the gauge after



Meosured Stress Applied Siress

L1
9" 2t a0 50" 80" 100°
Streas Sensor Orientation
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stress to applied ice-
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tion of stress sensor
orientation to the prin-
cipal stress direction.

where the stress coucentration factor at 0° is 2.4 and
the tangential sensitivity of the sensor at %0° is
~1.3. The calculated results agree with equation 1,
supporting Nelson's suggestion that the measured
stress/applied stress ratio can be represented by the
Mohr circle theory.

The typical response of the uniaxial ice stress
sensor to a constant load as a function of time 1s
shown in Figure 6. Here the measured sensor stress
increases as the applied lce stress is increased to a
constant 50 1bf/in.% (346 kPa) magnitude. The
measured stress then continues to increase asymptotic-
ally to a limiting value as the time increases. The
difference between the measured sensor stress immedi-
ately after the applied stress reached a constant
value and the asymptotic limit of the wmeasured sensor
stress was 22%2 (AS in Fig. 6). The sengor did not
exhibit a time-dependent response to lcad during the
direct loading test. This indicates that the time
response of the sensor in ice must be due to the
interaction of ice and sensor. The sensor configura-
tion may produce its time-dependent response in ice to
creep loading. The endcaps of the sensor are designed
so that ice will form around them, allowing the semnsor
to respond to both compressive and tensile stresses.
The ice that fills the region between the backside of
the endplates and the body of the sensor may support
some of the applied ice stress through shear to the
main ice sheet. As the applied load is maintained,
the ice plug may begin to creep, allowing the sensor
te gradually assume the full load due to the applied
ice stress. Test results indicate that the sensor's
time—dependent response to creep loading is wmore
severe at higher applied stresses.

A filnal test was performed at 6 = 0° to examine
the relationship between the stress concentration
factor and the magnitude of the applied stress. This
was the only test sequence that was conducted at
stress levels greater than 30 1bf/in.% (207 kPa). At
these higher stress levels, noticeable cracking of the
ice near the loading platens was observed. Eventual-
ly, cracks formed in the. body of the block, and the
test was ended. The test results indicated that the
stress concentration factors were scattered in a range
thar was consistent with a = 2.4 when the applied ice
strege was 30 1bf/in.? (207 kPa) or less. At stress
levels between 30 1bf/in.2 (207 kPa) and 70 1bf/ig. 2
(483 kPa) the stress concentration factors increased
to more than 3 {Fig. 7). The larger stress concentra-
tion factors at higher loads may be due to local ice
cracking around the sensor, which resulted in in-
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FIG. 6. Creep loading test results. The dif-
ference between the initial measured stress
after imposing a constant applied stress and
the agymptotic limit of the measured stress
is shown by AS.
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FIG. 7. Stress concentration
factor as a funetiom of the
applied ice stress for § = QO
configuracion.

creased load transfer to the sensor. Too few tests
were conducted to fully document the relatlionship
between the stress concentration factor and applied
stress. However, the available results are generally
consistent with the findings of Nelson et al. [3] and
indicate that different a values ghould be used to
interpret measured stresses correctly, depending on
the loading conditions and stress magnitude (for
example, rapld loading, creep loading, or leading to
ice block failure).

IMPLICATION OF CALIBRATION TEST RESULTS
ON DATA INTERPRETATION

The calibration test results described in the
previous section indicate that at applied ice stresses
below 30 1bf/in.2 (207 kPa), the measured stresses can
be reasonably described by using a Mohr's circle
rapresentation of the sensor response and constant
values for o and 8. At stress levels above 30 1bf/
in. 2 (207 kPa) the time-dependent response character-
istics and the dependence of o on the applied ice
stress of the uniaxial stress sensor become important.

For relatively low ambient lce-stress levels, the
Mohr c¢ircle representation suggested by Nelson et al.
[3] can be used to interpret field data. The measured
ice stresses can be related to the princlipal stresses
in a bilaxial stress field by

o = (atf) 2..1%224_ (a-p) B2 cos 29
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the @ = 90° test and refreezing it at 8 = 0°. The
results of the last test series were then compared
with those of the first test with 6 = 0% and found to
be the same within the limits of experimental error.

Both rapid-loading and creep tests were conducted
on the ice block into which the sengor was embedded.
The rapid-loading tests were performed by increasing
and then decreasing the load incrementally. The load
was allowed to stabilize briefly before being changed.
Creep tests were conducted by increasing the applied
load to a given level and maintaining it until the
stress sensor response was stable.

The excitation voltage for the strain gauge
bridge mounted on the gensor was set at 6 V. This is
the same level that has been uged in all past field
experiments. The load information from the load cell
and stress sensor were recorded om an x-y plotter.
The data presented here are based on the z-y plotter
records.

DATA REDUCTION AND TEST RESULTS

Stress sensor load sensitivity was determined
from the direct lcading test. These results indicate
that the sensor response is repeatable, linear and had
little hysteresis (Flg. 3). The load sensitivity for
these tests was given by

AF = 6§ Ep = (1.27 1b/W¥) Ey
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FIG, 3. Load sensitivity for the
uniaxial brass ice stress sensor
from direct loading tests.
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stregs—~loading tests in ice. The
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taken at a given applied gstress
are shown in the figure.

Table 1. Summary of Statistics om Calibration Data.

Least Squares Fit to Data

Standard
Stress sensor Vertical deviation
orientation to Correlatiom axis about the

loading (deg) coefficienmt Slope intercept slope*

0 0.95 2.4 2.1 .1
30 0.99 1.7 -1.8 0.2
45 0.99 0.7 ~0.9 0.1
60 -0.58 -0.2 -2.0 0.1
90 -0.98 -1.3 =-1.6 0.2

* The slope is also the mean ratio of measured sensor
stress and applied ice stress.

where AF is the change in load, G 1s the amplification
gain, S is the load sensitivity coefficient, and E; is
the sensor output in volts. Measured stresses were
determined by dividing the load sensitivity of the
sensor by the surface area of the endcaps:

¢ = AF/A .
m

Applied ice block stresses were determined by
dividing the measured load from the load cell by the
cross gsectional area of the ice block. The test
results are presented In four different formats to
1ilustrate the behavior characteristics of the sens-—
or. The original test results for stress sensor
orientations of 0%, 30°, 45°, 60°, and 90° to the
principal stress direction are shown in Figure 4. A
linear least squares method was used to fit a line to
each of the data sets shown in Figure 4. The coeffi-
cients determined from the least squares fit are
presented in Table 1. The slope of the fitted line is
also the mean value of the ratio of measured sensor
stress to applied ice block stress, The slope of the
fitted curve for § = (0° is the meap stress concentra-—
tion factor; it was found to be 2.4 with a standard
deviation of 0.1. The mean transverse sensitivity of
the sensor was determined from the slope of the fitted
curve at & = 30° and was -1.3 with a standard devia—
tion of 0.2.

The results shown in Figure 4 lndicate that the
sensor regponse was generally linear in each orienta-
tion. However, the magnitude of the applied stress
that was detected by the sensor did depeand on orienta-
tion. This behavior was expected since the sensor was
designed to sense stresses along its axis, and these
would vary depending on the orientation of the sensor
to the applied load. Nelson et al. [3] suggested that
the measured sensor stress could be related to the
applied stress by a Mohr's cirecle representation. For
a uniaxlal stress field, the ratio of measured stress,

Op, to applied stress, Og, can be given by

- 2 2
%/% (@ cos“8 + B sin4g) . (1)

Figure 5 is a plot of the mean value of opfoy
for each test orientation. The standard deviation
about the mean is delineated by the bars extending
from the data points. The calculated curve for o/
05 18 also plotted:

g /o = 2.4 cos28 =" 1.3 sin?s
m a
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FIG. 8., Stress sensor rosette used to
determine the magnitude and direction
of the principal stresges.

where p] and ps are the primary and secondary princi-
pal stresses acting on an ice sheet. The primeipal
stresses p) and pz acting on an {ce sheet can be
determined by using a rosette of three stress sensors
embedded in the ice. If the sensors have an angular
gseparation of 45° as shown in Figure 8, then

_ 2 211/2
i qﬂf*ﬂ&i [[qml quz + qn3] + [qMI ma) ]
P1 ™ T3(ep) )
_ 2 21/2
) dm1+°m3 ) [{cmL 2Um2 + oms] + [crml maj 1
P2 = T3(arp) o B)
g =20 + ¢
tan20 = —21 12 M3
g - G
m] m3

In previous field experiments ice stresses have
been calculated without considering the effects of the
sensor's trangverse sensitivity. The calculated angle
of orientation, &, will not be affected since B does
uot enter into the formula. The calculated p; and p,
values may, however, be in error. The errors for p
and py in a biaxial stress field can be derived from
the above equations and are given by

2w

B
4py = -Zpz and Apy = -

P1
where Apy = (p1)g,p = (P1)g,0 and App = (P2)g, g
= (P2)g,0- 4p1 and Apj are the differences between
the cafculated principal stresses, assuming the influ-
ence of both o and B, and the calculated principal
stresses, assuming no transverse sensitivity. For o=
2.4 and 8 = -1.3, as were determined from the calibra-
tion tests, we have
apy = 0.52 p, and Ap, = 0.52 p,.

The percentage error is determined by dividing by
the principal stresses where

%1.0.5222 ang 22 . 9,52 BL,
Pl Pl P2 P2

These results show that the errors associlated
with setting g = O depend on the blaxial stress ratios
po/p; and pi/p, and can be significant. The calculat-
ed stresses can differ up to 52% from actual ice
stresses by assuming B = 0. This indicates that the
trangverse sensitivity factor should be taken into
account in all calculations where the direction and
magnitudes of the principal stresses are not known.
The errors assoclated with assuming B = 0 can be
reduced or eliminated in speclal situations when the
secondary principal stress, pjp, Is known to be negli-
gible.

Interpretation of measured sensor stress becomes

'difficult at higher stress maguitudes because of a

variation of stress concentration factor with applied
stress. Additional calibration tests need to be con-
ducted to better define the applied ice-stress/stress
concentration factor relationship and determine 1if it
is repeatable. If the increase in the stress concen—
tration factor is due to local fracturing around the
sensor 1t is doubtful that any applied ice-stress/
stress concentration factor relatienship will be
repeatable. However, cne possible method of inter-
preting measured stresses would be to calculate ice
stress using the low stress level a. The calculated
stress magnitude could then be used to estimate the
approptiate g value to be used in estimating the final
stress magnitudes. This is not a very satisfactory
method of determining in-situ stresses, and the cali-
bration tegt results indicate that measured sensor
stresses should be viewed with caution when the
applied ice stresses are greater than 30 ibf/in. 2 (207
kPa).

CONCLUSIONS

The elongated, uniaxial brass ice stress sensor

‘does respond to low-level ice stresses in a predict-

able manner. The calibrartion tests conducted in this
study indicate that, for ice stresses legs than 30
1bf/1in.2 {207 kPa), the ice stress sensor exhibits a
stress concentration factor of 2.4 and transverse
sensitivity factor of -1.3. The ratfo of the measured
streas and applied stress can also be degeribed by a
Mohr circle representation. The stress concentration

- factor was found to increase with increasing ice

stress for applied stresses in excess of 30 1bf/in.2
(207 kPa). This behavior was attributed to localized
ice failure near the sensor. Additional loading tests
are required to better define the relationship between
stress concentration factor and applied stress. The
sensor also exhibited a time-delayed response to
constant applied stresses greater than 50 1bf/im.?
(347 kPa). Time delays of up to 20 min. were required
for measured sensor stresses to asymptotically
approach a stable value after the application of a
constant ice stress.

Field experiments utilizing the uniaxial sensor
need to be carefully designed to ensure that the ice-
stress magniftudes do not exceed the levels at which
measured sensor stresses can be confidently calculat-
ed. The calibration test results indicate this upper
limit of ice stress to be 30 1bf/in.? (207 kPa). Past
field experiments have used a stress concentration
factor of 3.2 and have ignored the transverse sensi-
tivity when calculating ice stresses. The stress
concentration factor determined in this study is
believed to be more reliable than the 3.2 value since
earlier experiments were conducted using smaller
stress sensors and the test ice-block dimensions were



too small to incorporate the stress disturbance due to
the embedded sensor. The earlier experiments showed
greater variability in results than was obtained in
this study. Calculated ice-stress magnitudes may have
gignificant errors when the effects of tranmsverse
sensitivity are not accounted for. The magnitude of
these errors depends om the stress concentration/
transvetse sensitivity ratio for the sensor and the
ratio of primary to secondary principal stress. The
calibration tests indicate that errors of up to 52%
may occur for the uniaxial sensor, when the transverse
sengitivity of the sensor is not included in the
analysis of measured stresses.
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