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ABSTRACT

The mechanical properties from the uniaxial compression tests
conducted in Phase I of the Mechanical Properties of Sea Ice program are
summarized. The tegts were Sonducted at temperatures of -5°C amd -20°C and at
strain rates of 10 and 107°/sec. The effects of temperature and strain rate
on each mechanical property are investigated. Each stress-strain curve 1is
presented and an energy based parameter is derived to characterize the
mechanical response of each curve. The effects of temperature and strain-rate
on this parameter are also investigated. The physical properties of each test
sample are listed, and their effect on the mechanical properties is briefly
discussed.

KEY WORDS: ice mechanics, ridge, ice formed feature, mechanical property,
statistical analysis, compressive strength, strain, linear,
regression analysis, prediction, testing, stress, load (force),
energy, temperature
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TECHNICAL PROGRESS REPORT BRC 45-85
THE UNIAXIAL MECHANICAL RESPONSE OF-MULTI-YEAR RIDGE IGE
BY

J. F. DORRIS AND J. S. AUSTIN

INTRODUCTION

The Mechanical Properties of Sea Ice (MPSI) is a project, consisting
of several phases, to determine the mechanical propertieé of multi-year sea
ice. The project was developed and administered by Shell Development Company.
Participants sponsoring Phase I of the project (MPSI-1) included Amoco Pro-
duction Company, Arco Oil and Gas Company, Chevron Oil Field Research Company,
Exxon Production Research Company, Gulf Research and Development Company,
Minerals Management Service of the Department of Interior, Mitsui Engineering
and Shipbuilding Company, Sohio Petroleum Company, and Texaco Incorporated.
The field program to collect ice samples and the experimentél program for ice
testing were conducted by the U.S. Army Cold Regions Research and Engineering
Laboratory (CRREL) at Hanover, New Hampshire.

The experimental program in MPSI-1 was designed to accomplish three
goals:

l. Measure the mechanical (i.e., 1-D compressive) properties of multi-
year ridge ice,

2. Determine whether there is any significant variation in the
mechanical properties within and between ridges, and

3. Develop the test techniques to be used in subsequent phases of the
program.

The results presented here summarize the approximately 200 uniaxial
compression tests conducted in MPSI-1. These tests have already been )

1

documented by Cox et al.” in a CRREL report and several excerpts have been

presented as technical papers by individual CRREL aut:hors.z“4 The CRREL

report1 describes the field program and experimental program in detail and

presents the mechanical and physical properties of each test sample. The
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purpose of this report is to present an analysis of the digitized test data
which complements and expands upon CRREL's analyses by utilizing the entire
stress—strain history of each test.

The ice samples tested were extracted with a 4 1/4 in. diameter core
barrel in the spring of 1981 from ten multi-year pressure ridges located in
the Beaufort Sea, northwest of Reindeer Island. The ice samples were trans-
ported to the CRREL laboratories and prepared for testing. Sample preparation
included cutting each sample to length, machining the samples to test geo-
metry, and fitting the ends with synthane endcaps. The samples were then
tested under uniaxial test conditions. Mellor et a]..S describe the details of
sample preparation and testing techniques.

The mechanical properties were measured by Cox et al.l at two
temperatures (i.e., =5°C, =20°C) and two strain rates (i.e., lo-s/sec,
10-3/sec). These temperatures and strain rates were chosen to bracket the
temperature and strain rate regimes of most interest to the engineer. To
characterize the ice, physical properties (e.g., brine volume, porosity, etc.)
of each sample were measured. To better define the physical properties of
each ice sample, Cox and Weeks6 developed a method of calculating the air
volume of the sample. This method permits the total porosity to be calculated
by knowing both the air volume and brine volume. A statistical summary of the
mechanical properties shows large scatter which is attributed to the wide
variation of ice types found in multi-year ridges. Richter and Cox> developed
a classification scheme for multi-year ridge ice which offers a means of
reducing the scatter by grouping tests according to ice structure. This
classification scheme was applied to approximately 35 test samples in Phase I,
and a forthcoming report by Richter—Menge and Cox will contain additional
crystallographic analyses of MPSI-1 test samples.

Weeks4 investigates the statistical variation of strength within and
between ridges. Based on these statistics, he concludes that there is no
significant variation between cores at the same site (i.e., within the same
ridge) nor is there any significant differences between ridges. However,
Weeks qualifies his conclusions by pointing out that the ridges used in this
study represent old, well-healed ridges whose—stréngth characteristics are
probably quite different than younger, less consolidated ridges.

Subsequent phases of the program will emphasize other types of tests

to give a complete picture of the mechanical response of multi-year ridge
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ice. To this end, test techniques were developed for uniaxial tension, con-
stant load compression, and conventional triaxial tests. The conventional

triaxial tests are conducted by applying the confining pressure in proportion
to the axial stress. These test techniques are discussed by Mellor et al.?

The goal here is to describe the mechanical (i.e., uniaxial compres-
sion) response as a whole by looking at the stress-strain curves. We begin by
listing the mechanical properties and describing the effects of temperature
and strain rate on those properties. The mechanical properties are then
integrated in such a way as to yield a quantity which characterizes a particu-
lar stress~strain curve. The variation in the mechanical response at each
rest condition will be illustrated, and the ability to characterize each
stress-strain curve will permit a discussion of changes in mechanical response
with changes in temperature and strain rate.

The stress—strain curves presented here were produced by digitizing
the analog records of each test and fitting splines to the digitized data. To
make the splines suitable for future constitutive modeling, certain assump-
tions were made about the initial conditions of the force-time record which
yielded different values fof the mechanical properties than those reported by

Cox et al.l

These differences are small except in one case which will be
noted later. The assumptions made and procedures followed in processing the
data are described in Appendix A. The spline for each force-time history is
printed in Appendix B and each stress-strain curve is presented according to
test condition in Appendix C.

For completeness, the physical properties measured by Cox et al.l
will be listed here. Although the large variations in mechanical properties
and mechanical response of multi-year ridge ice are related to the physical
properties of each test sample, discussion will be limited because of the
limited amount of crystallographic data presently available. Attempts, how-
ever, will be made to establish bounds and identify trends for the dependence
between mechanical and physical properties. The pending’cfystallographie
analysis by Richter-Menge and Cox will permit a more detailed look into the

effects of physical properties.
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MECHANICAL PROPERTIES AND STATISTICAL SUMMARY

The uniaxial compression test samples in MPSI-1 were taken from ten
multi-year pressure ridges in the Beaufort Sea. At each ridge, two sites were
selected several meters apart. At a particular site, the samples were
extracted from two cores several centimeters apart. Each sample was labeled
with a Ridge ID, whose nomenclature identified the ridge, core (and site), and
depth of the sample. The designations Rl through R10 in the Ridge ID identify
the ridge and the letters A-D identify the core. The letters A, B designate
the cores at one site while the letters C, D designate the cores at the second
site. The depths in centimeters from the top of the ridge to the top and
bottom of the ice samples are denoted in the Ridge ID by the two numbers
separated by a slash. Thus a sample designated R1A-062/089 would indicate a
sample taken from Ridge 1, site 1, core A, and a depth of 62 centimeters to
the top and 89 centimeters to the bottom of the sample.

The uniaxial compression tests were conducted at two temperatures
(i.e., T = -5°C, T = =20°C) and two strain rates (i.e., € = 10—5/sec, £ =
10f3/se;). The four possible combinations of temperatures and strain rates
give four independent test conditions. For convenience in later discussions,
the test conditions are assigned labels which are listed in Table 1. 1In the
following data summaries, all tests are grouped according to test condi-
tions. Each test within a test condition group is identified by the Ridge ID
of the test sample.

Following the procedures discussed in Appendix A, stress-strain
curves were generated for each test from which the mechanical properties were
calculated. The particular mechanical properties considered in the analysis
of the stress—strain curves are described in Table 2. This list includes the
mechanical properties .commonly used by engineers to describe the mechanical
response of other materials as well as additional properties not usually
calculated. The additional properties include the energy dissipated at peak

11

strength, the total energy dissipated, "flow'" energy, and "crushing" energy.

The flow and crushing energy terms are obtained from a decomposition of the

total energy and will be defined in the next section. For completeness, the

7

failure modes defined by Dorris’ are included but will not be discussed here.

In Table 2, the most important quantities used to describe the
M’ M’ ET, R’ and IT' The
quantity, Ip, is the integral of the stress-strain curve and measures the

mechanical response of multi-year ridge ice are ¢




]
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Table 1

IDENTIFYING LABELS FOR EACH TEST CONDITION

T
, -50C -200C
€
1075/sec C55 C520
10-3/sec c35 c320 .
Table 2

DESCRIPTION OF MECHANICAL PROPERTIES

Mechanical )
Property Description Units
Iy Maximum Stress psi
€y Strain at Maximum Stress %
o Residual Stress (Stress at 4.5% Strain) psi
€p Strain at End of Test %
Ep Initial Tangent Modulgs psi x 10°
Eg Secant Modulus ES = psi x 10
. M
ch/cM Stress Ratio
FM Failure Mode c -—
Ip Energy to Maximum Stress IP = _ch(e)de (in-1b£)/in3
o
.045
It Energy to 4.5% Strain IT = f o(e)de (in-1bf)/in>
)
o -
I Flow Energy I, = 1/2{.09 - —\a (in-1b£)/in3
F F ET R
Is Crushing Energy (I, = Ip - ;F) (in-1bf)/in3

Energy Ratio
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material's ability to store or dissipate energy. The spatial distribution of
I+ in the stress-strain plane characterizes the maCerial's response as either

m? Sy Ep

and gp can approximate the spatial distribution of It by defining the initial

condition, peak value, and final value of the material response. In the

brittle or ductile. For multi-year ridge ice,: the quantities o

following, these five quantities will be referred to collectively as primary
properties.
In contrast to o

and ET’ the primary properties o, and IT are

M? M’ R
arbitrary since their value depends on the choice of strain at which they were
calculated. Each test was programmed to end at 5% strain, but the procedures
followed in processing the data resulted in tests with varying lengths
slightly less than 5% strain. In order to make meaningful comparisons between
the properties associated with the end of the test, 4.5% strain was arbi-
trarily chosen to be the strain at which 9 and IT are calculated.

The mechanial properties are tabulated for each test according to
the four test conditions in Tables 3-6. . Any test in these tables having
missing values indicates a test which did not reach 4.5% strain due to prema-
ture failure of the test sample. Ali available mechanical properties‘are used
in the following statistical summary of properties, but only those tests which
reached 4.5% strain will be used in describing the stress—strain response of
multi-year ridge ice.

A statistical summary of the mechanical properties for each test
condition is provided in Tables 7-10. The tables list the number of samples
for each property along with the standard descriptive statistics of each

sample population. A measure of kurtosis and skewness is included to give an

impression of the shape of each distribution of the mechanical properties.

COMPARISON WITH CRREL'S RESULTS

The mean values of selected properties from Tables 7-10 are norma-
1

lized by the corresponding mean values reported by Cox et al.” to provide a
comparison of data sets. The ratios of mean values are listed in Table ll and
show good agreement between the data sets except for the initial tangent
modulus at the low strain rate. |

The discrepancy in modulus values can be attributed to different
measuring techniques. The instrumentation of an ice sample provided two

methods of measuring the axial displacement. One method employed two DCDTs
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Table 11

COMPARISON OF MEAN VALUES

Test Conditions

C55 €520 Cc35 C320

Oy .929 .973 1.001 1.011

€y 1.053 1.039 1.100 1.100

cR/cM .980 .986 .933 1.071

< ET .687 775 .985 .948
= NOTE: Numbers indicate mean wvalues

reported here normalized by mean
values reported in (1).
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with a gage length of 5 1/2 inches mounted 180° apart on the ice; the other
method employed an extensometer with a full sample gage length of 10 inches.
Cox et al.l measured the initial tangent modulus by graphically measuring the
slope of the force-displacement curve where the displacement was taken as the
average output of the two DCDTs. This technique has an advantage since it
provides a measurement from transducers mounted directly on the ice. However,
due to the nonhomdgeneous deformation of the ice samples, the DCDTs were only
reliable to approximately 0.l1% strain. We were interested in studying the.
stress—~strain curve well beyond 0.1% strain. Since the extensometer was used
as the control for the test and its output was proportional to time, we chose
to calculate the initial tangent modulus by measuring the maximum slope of the
force-time curve. These measurements would then be consistent with the
stress—strain curve up to 5% strain. Despite the disagreement between the
mean modulus values, the discrepancy is within the scatter of the data so that

one data set should not be preferred over the other.

TEMPERATﬁRE AND STRAIN RATE EFFECTS
ON THE MECHANICAL PROPERTIES

The standard procedure for studying the effects of temperature and
strain rate on the mechanical properties would be to conduct an analysis of
the variance of each property over the four test conditions. Since the sample
populations are unequal for each test condition, this type of analysis would
be a lengthy and time consuming procedure that is beyond the scope of this
study. Instead, meaningful conclusions about the effects of temperature and
strain rate can be drawn by comparison of mean values of a particular property
for different pairs of test conditions. Four pairs of test conditions are
chosen for comparison. Two pairs represent the two levels of constant tem-
perature and two pairs represent the two levels of constant strain rate.

In most cases, it is obvious from the data and our experience how a
mechanical property will vary with temperature or strain rate. However, in
cases where experience offers no guidance or when the mean values of the two
samples are fairly close and the variances are large, it is-difficult to draw
a conclusion. In these cases, it is necessary to. have an objective method of
comparing the mean values. A statistic commonly used to compare mean values

is the t-statistic defined by,
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are the mean values of the two samples being compared and si 1s

depends on the variance

Here X and X
a b

. . = b . 2
the estimated variance of Xa - Xb. The quantity S4
and size of each sample. '

The t-statistic is used in the t-test to make inferences about the

relative values of the population means, By and p The first step in conduc-

b
ting a t-test consists of stating an alternative to the null hypothesis,

By, T Hye The alternative hypothesis is either M, < My My > Hps OF M % W .
Once the alternative hypothesis is stated, a confidence limit is chosen which
defines the critical region. If the t-statistic falls into the critical
region, then the null hypothesis is rejected and the alternative hypothesis is
accepted.

A t-test was conducted for each mechanical property for four pairs
of test conditions. Table 12 summarizes the t-tests for the two pairs of test
conditions with constant strain rate and Table 13 summarizes the t-tests for
the two pairs of constant temperature. For each t-test, the alternative
hypothesis was chosen by looking at the means and standard deviations of the
two quantities being compared. If the means are within the standard deviation
of each other, then My ® My is chosen as the alternative hypothesis. If the
mean of one quantity is not within the standard deviation of the mean of the
other quantity or vice-versa, then the appropriate inequality is chosen for
the alternative. It is obvious from the choice of the alternative hypothesis
whether a one or two tailed t-test is conducted. In every test, the null
hypothesis was tested at the 99% confidence level.

It should be emphasized that the t-tests are only used as an aid in
drawing conclusions about the effects of temperature and strain rate and
should not be held sacred. It is quite possible that some results from the
t-tests are contradictory and perhaps even offend our physical intuition. In
these cases, judgment should be exercised before accepting or rejecting the
t-test. The degree of confidence we have in the t-test dépends on how well
the fundamental assumptions of the t-test are satisfied. The most restrictive
of these is the assumption that the variances of the two samples being com-—
pared are equal. This assumption can be relaxed by using an approximate
t-statistic which assumes unequal variances. The statistical package used to

calculate the t-statistic in Tables 12 and 13 also calculates the approximate
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Table 12

PAIRWISE t-TESTS
STRAIN RATE CONSTANT; TEMPERATURE VARIES

Mechanical Alternative Critical Conclusion
Property Hypothesis _ Region t (99% cConfidence)
. Hes20 > Hess t > 2,37 3.26 Hesag > Mess

M

o320 ~ He3s t > 2.36 12.07 Me3z20 7 Mess
c Mgsgo < Mess 0t < 7237 -2.68 Kcs20 < Mess
M -

Rc320 7 Me3s t > 2.36 5.99 He320 7 Me3s
o Mespo T MHess 0 £ 7 2e38 3.98 Hes2o 7 Hess
R

Me320 7 Mess £ >2.39 4.37 He320 7 Mess
E Mgsao * Mgss el > 2.64 1.98 Mes20 = Mess
T N

Hc320 ¥ Mess le] > 2.63 1.41 Hc320 T Me3s
E “es20 7 Mess le] > 2.64 2.86 Mesa0 ¥ Mess
s

Me320 * Me3s le] > 2.63 1.46 Mo300 = He3s

Hes20 * Mess le| > 2.64  -1.20 beszo = Bess
9/ 9y

320 ¥ Meas |e] > 2.61  -1.56 He320 T He3s
I “es20 T Mess el > 2.64 +243 520 T Mess
P

He320 ~ Me3s t > 2.36 8.60 He320 7 Me3s
T

He320 7 Me3s £ > 2.39 10.24 Mc320 7 Me3s
1 Mes20 7 Hess £>2.38 4.04 ‘Hes20 7 Mess
F - N -

320 ~ Me3s t > 2.39 4.38 He320 7 He3s
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Table 12 Cont.

Mechanical Alternative Critical Conclusion

Property Hypothesis Region t © (99% Confidence)
I Mes20 * Mess le| > 2.64 1.61 iesp0 = Hoss
c
Hc320 > He3s t > 2.39 10.62 e300 > T
Ic/T “es20 * Hess [e] > 2.64 0.94 Mes20 T Hess
c/tr
¥c320 ¥ ¥e3s e] > 2.61 2.07 Hc320 T He3s
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Table 13

26

PAIRWISE t-TESTS :
TEMPERATURE CONSTANT; STRAIN RATE VARIES

Mechanical Alternative Critical ‘Conclusion
Property Hypothesis Region t (99% Confidence)
_ Me3s 7 Mess £ > 2.36 17.51 He3s 7 Mess
M
Me3p0 7 Mgszo ¢ 2038 27.38 He320 ~ Mes2o0
. He3s < Mgss £t <=-2.36  -12.68 e3s < Hess
M
Mg320 < Mgspo & < T2.38 =6.04 c320 < Mes20
< < -2, -2. -
_ Mess < Mess €< =2.37 2.25 Me3s = Mess
R —
Meazo * Meszg el > 2.69 -301 He320 = Mes20
: Me3s > Mgss £ > 2.36 8.74 He3s ~ Hess
T
‘Hc3zo 7 Meszo 0 7 2e38 3.29. He320 7 Hes2o
o He3s ~ Mgss € >2.36 17.10 He3s 7 Hess
S
Me3z0 ~ Mespe ¢ T 2-38 8.31 Hc320 ~ Meszo
He3s < Hgss € <-2.37  -18.25 He3s < Mess
oR/cM
He320 < Meszo < T2e4l -12.02 He320 < Mes20
1 Hess * Hess el > 2.63  -2.09 He3s T Hess
p
“c3z0 ” Meszo B 2038 3.76 He320 7 Mes20
. He3s ~ Hgss £ > 2.37 6.72 Hg3s 7 Hess
T
£ > 2.41 9.87

He320 7 Mes20

He320 7 Mes20

)

B
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Table 13 Cont.

Mechanical Alternative Critical Conclusion
" Property Hypothesis Region t (99% Confidence)
: Me3s ¥ Mess el > 264 -2.13 He3s T Hess
F
Megz0 * Beszo (Bl > 2469 0.34 Me320 T Mes20
. He3s ~ Hess £ > 2.37 19.12 Me3s 7 Hess
c
Mo3pg > Meszo &7 2-41 2l.34 Me320 ~ Mes520
T e3s 7 Hess b > 2.37 12.93 Me3s 7 Hess
CF £ > 2.41 8.66

Me320 ~ Mes20

He320 ~ ¥es20
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t-statistic. Use of the approximate t-statistic to test the null hypothesis
does not change any of the conclusions in Tables 12 and 13.

Based primarily on our judgment and guided by the t-tests, the
effects of temperature and strain-rate on the primary mechanical properties
are summarized in Tables 14-18. The four test conditions are shown in matrix
form with the two levels of constant strain rate horizontal and the two levels
of constant temperature vertical. At each matrix location, the mean, standard
deviation, and sample size are recorded. Test conditions connected by a
dashed line indicate no change in the mechanical property between those two
conditions. Test conditions connected by a solid arrow indicate an increase
in the mechanical property in the direction of the arrow..

As expected, the maximum stress increases with decreasing tempera-
ture and increasing strain rate. The total dissipated energy follows the same
trends for temperature and strain rate. The initial tangent modulus increases
with increasing strain rate but is independent of temperature. The most
interesting result is that the residual stress shows no change with strain
rate, which suggests that the stress-strain curve is rate independent at large
strains. However, the residual stress does increase with decreasing tempera-
ture.

The results for strain at maximum stress show that at both tempera-
tures, e, increases with decreasing strain rate. However, Table 15 does not

M
indicate how g,, varies with temperature since the t=-tests show that ¢

M M
increases with increasing temperature at 10-5/sec and increases with decreas-
ing temperature at 10-3/sec. This case indicates a possible coupling between
the effects of temperature and strain rate which would render the pairwise
t-tests inappropriate. In this case, an analysis of variance would be more

suitable.

LINEAR REGRESSION MODELS BASED ON TOTAL DISSIPATED ENERGY

Correlations between any two mechanical properties can be inves-
tigated by creating ordered pairs of the two properties fér each test and
plotting the resulting points in the plane. Rather than producing plots for
each test cdndition, plots are produced for each of the two levels of constant
temperature to illustrate the effect of strain rate.

The most important mechanical property in terms of ice load calcula-

tions is the maximum stress. We seek correlations for this quantity by
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Table 14

SUMMARY OF MEAN VALUES FOR Oy (PSI)

T -50C -20°C
316+£122 393+103
10‘5/sec >
) 87 37
_ 69 4 I 41
10'3/sec >
879+234 1410+£202
Table 15
SUMMARY OF MEAN VALUE FOR €y (%)
T
-50C -20°C
é
.400x.161 .322+.100
10'5/sec
67 T T 37
69 41
10‘3/sec
.143+.080 ,209+.064
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Table 16

SUMMARY OF MEAN VALUE FOR o (PSI)

T
-50C -200C
é
5 200:44 249+72
1079/sec r >
61 I 29
{ I
i A
42 | ! 18
10"3/sec »>!
17757 255176
Table 17

SUMMARY OF MEAN VALUE FOR E;, (PSI x 109)

T .
-50C -200C
.509+.356 £90£.576
10'5/sec ________
67 37
69 41
1073 /sec | AP \
1.010+£.312 1.135£.614
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Table 18

SUMMARY OF MEAN VALUE FOR I (in-1bf)/ in3

T
-50C -200C
€
10.19%2.50 12.70+3.21
10‘5/sec >
61 .28
42 18
10’3/sec \ >
13.74+2.82 22.35+£3.35

Table 19

LINEAR REGRESSION MODELS BASED ON TOTAL DISSIPATED ENERCY

Independent Dependent Test Linear

Variable Variable Condition Coefficient Intercept R2
Ip Oy C55 37.31 ~-62.58 .54
It Oy €520 22.11 120.71 47
IT Oy Cc35 30.70 433.61 .36
Iy Iy c320 31.54 699.45 .48
IT 9 C55 16.57 31.08 .88
Ip IR €520 21.61 -25.63 .93
Ip % Cc35 17.24 -59.46 .72
Ip IR Cc320 18.20 -151.22 .64
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plotting the maximum stress as a function of the other primary mechanical
properties (i.e., 2 Op? ET, and IT) in Figures lf8.b_Figures 1l and 2 are of
interest since they contain the loci of points for the peak value of the
stress-strain curve and illustrate the large variation in the mechanical
response within a particular test condition and between test conditions.
Linear regression lines were calculated for each property pair at each test
condition in Figures 1-8. The property pair which showed the strongest

2

value) is oy vs Ip. The regression lines

are drawn for this pair in Figures 7 and 8 and the regression parameters are

correlation (i.e., the highest R

listed in Table 19. Regression models for the other property pairs had
significantly lower R% values and for this reason they are not drawn or
tabulated here.

Plots and linear regression models were also produced for all
pairwise combinations of the remaining primary mechanical properties. The

only property pair which showed a correlation is o, vs IT' Plots for this

R
pair together with the regression line for each test condition are shown in

Figures 9 and 10. The regression parameters‘for this pair at each test
condition are listed in Table 19. '

The positive correlations for Iy and 9 with Iy are not surprising

when one considers the general shape of the stress-strain curve for multi-year
ridge ice. The interesting observation is the similarity in slopes (except

possibly for Oy VS IT at C520) at each test condition for the two models.

This suggests that the variations of o, with Ip and o with Ip are independent

M
of temperature and strain rate. The temperature and strain rate effects on

the GM vs IT and GR

regression lines in the plane.

vs Ip models are accounted for by translations of the

LINEAR REGRESSION MODELS BASED ON
ENERGY DISSIPATED AT PEAK STRENGTH

Our ability to calculate ice loads would be greatly improved if a
failure criteria could be formulated to predict the maximum stress. Failure
or yield criteria are often formulated by appealing.to energy considerations.
We have already seen some correlation between the maximum stress (UM) and the
total dissipated energy (IT) in Figures 7 and 8. However, I; depends on the
post peak behavior of the stress-strain curve and, consequehtly, would not be

useful in the prediction of o,. Instead, an energy-based failure criterion

M
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for Oy should be formulated in terms of energy dissipated up to peak strength

(IP). We investigate this.possibility by plotting o, vs Ip in Figures 11 and

M
12. Regression lines are calculated for this property pair, and the regres-
sion parameters are listed in Table 20.

Comparison of the R%? values in Table 20 shows a stronger correlation

‘for the high strain rate test conditions (i.e., C35 and C320). The weaker

correlations for the low strain rate test condition are probably a result of
the flatness of the low strain rate stress—strain curve. There, the maximum
stress 1s difficult to determine causing greater error in the calculation of
Ip. Comparison of the R? values for Iy in Table 20 with those in Table 19
shows a stronger correlation for the model based on Ipe ‘In contrast to

the o, vs Ip models, the o

M vs Ip models show no similarity in slopes.

M
Failure and yield criteria have traditionally been formulated in
stress space. However, some recent work in the theory of plasticity has
suggested that a more natural formulation for failure criteria would be in
strain space. This would be particularly true for a material such as ice
which.exhibits a strain-softening behavior. A stress formulation for the
failure criterion of a strain-softening material would have to be double
valued whereas a strain formulation would remain single—-valued. Thus we seek
correlations between the failure strain (i.e., strain at maximum stress), €y
and the energy dissipated at maximum stress. The gy VS Ip ordered pairs for
each test condition are plotted in Figures 13 and l4. Regression lines are
calculated for each test condition, and the parameters are listed in Table
20. The high R2 values in Table 20 are to be expected since,
€

M

I, = f ole)de = f(eM) .

0

However, we note the similarities in slopes for the two pairs of test
conditions with constant strain rate. Regression lines are recalculated-by
combining all data points for the two levels of constant strain rate. The
combined regression lines along with the data points are shown in Figures 15
and 16, and the regression parameters are listed in Table 20. The high R?
values for the combined data points indicate that a temperature independent
model for e, vs Ip is plausible. Again we note a stronger correlation for the

M
high strain rate than the low strain rate.
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Table 20

LINEAR REGRESSION MODELS BASED ON ENERGY DISSIPATED AT MAXIMUM STRESS

Independent Dependent Test Linear

Variable Variable Condition Coefficient . Intercept r2
Ip Oy CS5 98.05 216.68 .15
Ip Iy C520 114.25 274,68 .28
Ip Oy C35 292.70 635.26 .40
Ip Iy €320 178.16 1075.01 .46
Ip Sy C55 0.285 0.112 .75
Ip €y €520 0.187 0.128 .79
Ip €y C35 0.086 0.071 .76
Ip €y C320 0.077 0.063 .87
Ip €y C55, €520 0.250 0.117 .67
Ip €y €35, €320 0.074 0.077 .85

Table 21

SUMMARY OF MEAN VALUES FOR I, (in-1bf)/in’

T
-50C -20°C
é
5 1.014+.488 1.038+.473
1079/sec ———t———
67 { 37
1
6 | 41
Y
10“3/sec L
.836+.507 1.883+.770 -
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The effects of temperature and strain rate on fP are again inves-
tigated by conducting t—-tests for the two levels of constant temperature and
strain rate. The results are summarized in Table 21, This summary shows that
at all four test conditions except for C320, the mean values of Ip are
similar. If the mean value for C320 was similar to the other mean values,
then we could hypothesize that the peak value for the stress-strain curve is
associated with a critical value of energy independent of temperature and
strain rate. This is a very attractive hypothesis and should not be abandoned
without a closer examination of why the mean value of C320 is different from
the others. One possibility for the difference is due to the fact that all
tests are included in each sample population of a given test condition when
calculating Ip. Selective editing of the tests according to ice type or
failure mode could significantly change the mean values in Table 21 and hence
change the conclusions of the pairwise t-tests. If editing of the data set
proves fruitless, then a failure criteria based on I, over a more restrictive

temperature, strain rate regime should be investigated.

IDEALIZED STRESS~STRAIN RESPONSE

When discussing the mechanical response of a material, all mechani-
cal properties should be taken into account before a general impression of the
material's behavior can be made. The stress-strain curve for multi-year ridge
ice is a nonmonotonic curve which has a peak stress at approximately .l-.4%
strain and decreases to a fairly constant value at strains greater than 4%
(see Mellor® for a detailed account of the stress-strain behavior of ice).
This type of curve can be characterized by the initial tangent modulus, the
peak value of stress and the constant stress at large strains. We will
attempt to define a single parameter which depends on these properties. This
parameter would then provide a useful basis for comparing different stress-
strain curves and discussing changes in the mechanical response with tempera-
ture and strain rate. : ’ -

Engineers commonly characterize the mechanical response of materials
in qualitative terms as being either brittlevbr ductile. This terminology is
useful here, but the usual definitions of these terms must be modified before
being applied to multi-year ridge ice. A ductile material is usually defined
as a material that undergoes appreciable deformation before rupture (failure),

whereas a brittle material undergoes very little deformation prior to rupture.
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These definitions are not very suitable for ice since an ice sample tested at
supposedly brittle conditions (e.g., 10—3/sec strain rate) can still support
loads at large strains. ‘

More suitable definitions arise by considering the idealized
response of a ductile and brittle material. A truly ductile material is often
modeled as a perfectly plastic material whose characteristic stress-strain
shape is a rectangle elongated along the strain axis. This model allows the
material to flow indefinitely under a constant yield stress. A truly brittle
material is often modeled as a linear elastic material whose stress—strain
shape is a sharp ramp. This model allows the material to attain high stresses
very rapidly and unloads instantaneously when the failure stress is reached;
These two models, illustrated in Figure 17, are consistent with the usual
definitions of ductile and brittle since plastic strains are usually quite
large when compared to elastic strains. However, it is the shape of these
models that should be képt in mind when classifying the response of multi-year
riﬁge ice. A flat stress—strain curve with a fairly constant post-peak behav-
ior is defined as a ductile response, and a sharp stress-strain curve with
rapid unloading after the peak stress is defined as a brittle response. The
notions of "flat" and "sharp" stress-strain curves will be quantified in the

following sections.

ENERGY COMPONENTS

Perhaps the most appropriate mechanical property to describe
mechanical response is the total dissipated energy since its calculation takes
into account all aspects of the stress-strain curve. However, this quantity
is not very useful in describing the shape of the stress-strain curve since no
information is provided about its distribution in the stress-strain plane.

The observation in a previous section that the residual stress appears to be
rate independent suggests a useful decomposition of the total energy which
would permit a quantitative measure of the shape of the stress-strain curve.
If the residual stress is indeed independent of strain rate, then its contri-
bution to the calculation of the total energy would also be rate independent.
We define this rate independent contribution>as the flow enérgy. This quan-
tity is estimated by calculating the area of the trapezoid bound by the
initial tangent modulus, the constant residual stress, the constant strain of

0.045, and the strain axis. Thus, the flow energy is given by the equation,
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Linear Elastic (Brittle)

/ Perfectly . Plastic (Ductile)

84/411/07

Fig. 17 - Schematic diagram of idealized material models.
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The difference between the total energy (IT) and the flow energy (IF) would be
the rate dependent contribution and is defined as the crushing energy (I;).
In some cases, it is possible that our estimation of the flow energy is
greater than the total energy which would resultiin a negative crushing
energy. In this event, the flow energy is set equal to the total energy, and
the crushing energy is set equal to zero. Figure 18 is a schematic
representation of the decomposition of the total energy. Similar to the
summaries for the primary mechanical properties, the effects of temperature
and strain rate on the mean values of flow energy and crushing energy are
summarized in Tables 22 and 23. As expected, Table 22 shows the flow energy
to be independent of strain rate, and Table 23 shows the crushing energy to

increase with increasing strain rate.

STRESS-ENERGY PAIRS

Earlier, we saw that the two stress quantities, Oy R’

related to the total energy, and that relationship depends on temperature and

and o are -
strain rate. In the previous section, the total energy has been decomposed
into rate dependent and rate independent parts via the quantities I, and Ig.
With this decomposition, we can now create two conjugate stress~energy pairs
which provide correlations independent of strain rate.

The first conjugate pair is formed from the rate dependent stress
-and energy quantities. In Figures 19 and 20, we plot gy as a function of I
for the two levels of temperature. Figure 19 shows that there is a correla-
tion between Iy and IC and that the correlation is independent of strain
rate. A linear regression line is calculated for all points in Figure 19 and
is found to be statistically significant with a R2 value of 0.946. Figure 20
does not present such a strong argument for a Oy VS Ig relationship indepen-
dent of strain rate. The data points in this figure form two widely separated
clusters of points according to strain rate. In this situation, we are guar-
anteed a good fit between the two clusters, but this does not necessarily mean
that the clusters are correlated. Despite this fact, a regression line is
calculated for the combined points in Figure 20, and, as expected, the regres-

sion line is statistically significant with a RZ value of 0.929.
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Table 22

MEAN VALUES FOR I (in-1bf)/in3

T
-50C -200C
8.92+1.97 11.12+£3.16
1075/sec [ >
61 { v 29
| t
l i
42 : 1 18
1 0‘3/sec . >
7.96x2.56 11.46+3.39
Table 23

 SUMMARY OF MEAN VALUES FOR I, (in-1bf)/in3

‘F
-50C -20°0C
1.27+0.89 1.59+0.82

10'5/sec ' IS S

61 29
42 ‘ i) 18

10'3/sec
5.78+1.50 10.89+2.13
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The parameters for the regression lines in Figures 19 and 20 are
summarized in Table 24. It is interesting to note that the intercepts for
each line correspond closely to the mean residual streés for that tempera-
ture. This suggests that at a given temperature, the ratio (cM - UR)/IC is
independent of strain rate. A comparison of the linear coefficients of the
regression lines in Table 24 shows that they are in close agreement. This

suggests that the only effect temperature has on the o, vs I, relationship 1s

M
to translate the regression line up or down by changing the temperature depen-

dent value of the intercept o Comparison of Figures 19 and 20 with

R
Figures 7 and 8 shows that the subtraction of the rate independent flow energy
from the total energy eliminates the translation of regression lines in
Figures 7 and 8. This results in a single relationship between I, and
Iy independent of strain rate.

The second conjugate pair is formed from the rate independent stress

and energy quantites. In Figures 21 and 22, we plot o, as a function of Ig

R
for each temperature. The resulting, almost exact correlation between

and I_ in both figures is to be expected from our definition of the flow

R F
energy. The important point to note is that the data points for each strain-

rate have very similar distributions -along the o, vs Ip line lending further

support for the rate independence of %R and IF' R'I‘he strain rate dependent
translations for the regression lines seen in Figures 9 and 10 are again
eliminated from Figures 21 and 22 by subtracting the rate dependent crushing
energy from the total energy.

The equation defining the flow energy can be considered a regression

line relating o, and IF with a R% value of 1.0. The parameters for this line

are summarized ?n Table 24. This table serves the same purpose as Table 19 by
relating stress and energy quantities. However, in Table 19, Oy and o, are
functions of the total energy whereas in Table 24, the dependent and indepen-
dent variables are rate dependent and rate independent conjugate pairs of
stress and energy. The number of regression lines in Table 24 have been_
reduced by a factor of two since the dependence on strain rate has been elimi-
nated. Comparison of the R% values in both tables indicates that the
decomposition of the independent variable, If, into rate dependent and rate
independent components significantly reduces the scatter in the dependent

variables OM and GR.,




60
BRC 45-85

Table 24

LINEAR REGRESSION MODELS BASED ON
CRUSHING ENERGY AND FLOW ENERGY

Independent Dependent Test Linear
Variable Variable Conditions Coefficient Intercept rRZ
Io oy C55, €35 114.97 179.84 .95
Ic Iy Cc520, C320 102.03 260.63 .93
Ip
Ip 9 Cc55, €35 1/2 (09 --E—> 0.0 1.0
T/a
R
(105 - 2
I a €520, €320 1/2 {.09 - =— 0.0 1.0
F R \ E:T o]
R
Table 25

SUMMARY OF MEAN VALUES FOR I./Ip

T
-50C ~-20°C
é
.138+.089 .157+.093
1075/Sec ——
61 29
- ] | =
10"3/sec AU K.
.822+.400 _ 1.088=.571
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A PARAMETER FOR CHARACTERIZING THE STRESS-STRAIN
RESPONSE OF MULTI-YEAR RIDGE ICE

The quantities I, and Ip can now be ;ombined to yield a parameter
which describes quantitatively the ductility or brittleness of a given stress-
strain curve. From Figure 18 we see that the '"hump" of the stress-strain
curve is described by the crushing energy which measurées the amount of energy
in excess of the flow energy. By calculating the ratio, IC/IF’ we can iden-
tify with each stress-strain curve a number which represents its shape. A
stress-strain curve with a low crushing energy relative to its flow energy
would have a low IC/IF value and would be classified as ductile. A curve with
a high crushing energy relative to its flow energy would have a high IC/IF
value and would be classified as brittle.

In practice it is not very practical to calculate the quantity
IC/IF' A quantity easier to calculate and serving the same purpose as IC/IF
would be desirable. From Figures 19 and 20 we see that the crushing energy is

proportional to (o, - GR) and by definition the flow energy is proportional

M
to o,. Thus, the ratio (cM - oR)/cR would be proportional to I-/Ip and would

prov?de another quantitative measure of ductility or brittleness; Figures 23
and 24 illustrate the relation between I./Ip and (oM - GR)/éR for each
temperature.

By taking the limiting values of I,/Ip and (0M - GR)/OR, we see that
in the limit these ratios represent the stress-strain curves of the material
models shown in Figure 17. When I./Ip and (cM - cR)/cR equals zero, we have

Io=0and o, =0 In this case the stress-strain curve would resemble a

M R*
perfectly plastic material. When I./I and (cM - GR)/UR become unbounded, we
have Ip = op = 0 and the stress-strain curve would resemble a brittle elastic
material.

The mean values of the ratio, IC/IF’ are summarized for each test
condition in Table 25. This table shows that the ratio increases with
increasing strain rate and is independent of temperature. The temperature
independence is due to the proportional increases in the values of
Iy and 9 with the decrease in temperature resulting in a relatively constant
value of IC/IF' Thus, a change in temperature causes a proportional change in
the éhape of the stress—strain curve whereas a change in strain rate will
distort the shape of the stress-strain curve. To illustrate the effects of

temperature and strain rate on the mechanical response and the variability of
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the response within a given test condition, we choose the tests with maximum,
_minimum, and mean values of IC/IF at each test conditipn. The stress—-strain
curves for these tests are shown in Figures 25-28 according to test condition.
The remaining stress—strain curves can be found in Appendix C according to
test conditions. The splines for each force-time history are listed in

Appendix B.

"AVERAGE" STRESS-STRAIN CURVES

Finally, we would like to establish a method of defining a stress-

strain curve which in.some sense represents the average response of multi-year
ice at each test condition. The most obvious method of doing this would be to
calculate point by point averages of all stress-strain curves within each test
condition and then plot those average values to obtain an average stress-
strain curve. This was done for each test condition, and the resulting curves
are shown in Figures 29 and 30 for T = =5°C and T = -20°C, respectively.

A much easier method of selecting an average curve would be to

compare the primary mechanical properties of each test with the corresponding

»

mean values. The "error" associated with each property is its difference from
the mean. In order to compare the errors associated with the different
properties, each error should be normalized with respect to the mean value.

If the errors of each property are to be summed for each test, them each
normalized error should be squared. Thus, we can calculate a residual error

from the mean for each test from the equation,

-5 - 2
X. = X.
EZ=Z _J___J-
i=1

X.

J
Here j denotes each of the five primary properties and the quantities
xj and ;j denote the actual and mean values, respectively,>of the jth pro-
perty. The residual errors for each test are summarized in Tables 26-29. The
"average'" stress-strain curve can now be chosen to be the curve with the
minimum or least square of the residual errorl The "average" curves chosen by
the least squares method are shown in Figures 31 and 32.

A residual error for each curve obtained by pointwise averaging can

also be calculated. These errors are listed in Table 30 along with the least
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Table 30 . -

COMPARISON OF RESIDUAL ERROR
FOR THE TWO AVERAGING TECHNIQUES

Test Condition Point by Point Least Square
Averaging Averaging
C55 .100 .033
Cc520 .060 .037
C35 .083 .006
€320 046 .030
Table 31

STRUCTURAL CLASSIFICATION SCHEME FOR
MULTI-YEAR PRESSURE RIDGE ICE SAMPLES

Ice Type Code Structural Characteristics

Granular 1 isotropic, equiaxed crystals

Columnar -2 Elongated; columnar grains -
2A Columnar sea ice with c-axes

normal to growth direction.
Axes may not be aligned

2B - Columnar sea ice having
random c—axis orientation
(Transition ice)

2C Columnar freshwater ice. May
be either anisotropic or
isotropic
Mixed 3 Combination of Types I and II
3A Largely Type II-with4granular
veins ; - _ :
3B Largely Type I with inclusions of e

Type I or II ice (brecciated ice).
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square error for each test condition. Comparison of the errors for each test
condition shows that the least square method of selec;ing an average curve
provides a better "average'" since this method yields a curve which better
reflects the average primary mechanical properties.

Tables 26-29 contain the values of IC/IF for each test in addition
to the residual errors. These tables suggest that the quantity IC/IF provides
another possible method of choosing an average stress-strain curve. Tests
with low residual errors have values of IC/IF very close to the mean value of

IC/IF.

PHYSICAL PROPERTIES

It is well documented in the literature (e.g., see Weeks and
Ackleyg) that the physical properties of ice significantly affect its mechani-
cal response. The six physical properties most commonly recorded to charac—
terize an ice sample are salinity, density, brine volume, air volume, total
porosity, and crystal structure. The crystal structure of an ice sample
depends greatly on the temperature and other environmental conditions at the
time of crystallization;' However, once the structure is formed, it can exist
over a wide range of temperatures and can be considered independent of tem-
perature. The other five properties are governed by the phase diagrams for
solid seawater and consequently are functions of temperature. Frankenstein
and Garner'® have derived an equation relating salinity and brine volume in
the temperature range from -2°C to -30°C. Over this same temperature range,

Cox and Week56

have derived equations to calculate the air volume if the
salinity and density are known. Once the air volume is known, the total
porosity can be calculated as the sum of the air and brine volumes. Thus, we
see that of the five temperature dependent physical properties, only two are
independent. Any two of these properties along with the crystal structure are
sufficient to describe the effects of physical properties on the mechanical
response of ice. V _
Given the temperature, it is easy to specify the temperature depen-
dent physical propérties from a few simple laboratory measurements and appli-
cation of the equations referred to above. épecifying the crystal structure
is not as straightforward since a classification scheme has to be developed
which accounts for crystal shape (e.g., columnar, granular), c-axis orienta-

11

tion, and grain size. Previously, Cherepanov™~ and Michel12 have devised




84
BRC 45-85

classification schemes for undeformed ice, but these are not suitable for
. multi-year ridge ice. In addition to continuous regions of granular and
columnar ice types, multi-year ridge ice can ceontain fegions of discontinuous
structure such as snow filled wvoids, block interfaces, and healed cracks.

3 have developed a classification scheme to encompass all

Richter and Cox
possible ice types in multi-year pressure ridges. Their scheme is summarized
in Table 31 and is applied to high, intermediate, and low strength samples
from test conditions CS5 and C35 in Tables 32 and 33, respectively.

The salinity, density, brine volume, air volume, and porosity are
listed for each test in Tables 34-37 according to test conditions. Since
these properties depend on temperature, the data from the two pairs of test
conditions with the same temperature can be combined into a single data
file. Descriptive statistics are calculated for each of the combined data
files and are summarized in Tables 38 and 39 for -5°C and -20°C, respec-
tively. These two tables also contain a similar statistical summary of the
properties of the samples tested at each strain rate. Comparison of the
combined statistics with the statistics for each strain rate indicates that,
on the average, the ice tested at different test conditions has the same
temperature dependent physical properties.

To demonstrate the effect of physical properties on the mechanical
properties, the maximum stress and initial tangent modulus are plotted as
functions of the total porosity for each test condition in Figures 33-40. In
each figure, a line is drawn to approximate an upper bound for the given
mechanical property and test condition. These upper bounds show the maximum
stress and initial tangent modulus to decrease with increasing porosity as one
would expect. Since strength and the tangent modulus are known to decrease
with increasing brine volume, the test‘samples with a brine volume of less
than 5°/eo are distinguished from the others to investigate the possibility of
those samples being the upper bound for those properties. The upper bound is
determined by low brine volume samples in Figures 34_and~36, but brine volume
alone does not determine the upper bound since low brine volume samples are
also associated with lower bound values of strength-and tangent modulus.
Consideration of ice structure would probabl§ explain the lower values of
strength and tangent modulus associated with the low brine volume samples.

To demonstrate the effects of crystal structure, the data points

having a crystallographic classification are identified in Figures 33, 35, 37,
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Table 32
STRENGTH, STRUCTURE, AND POROSITY OF SELECTED RIDGE ICE SAMPLES*
TESTED AT 072/SEC AND T = -5°C
Ridge Strengt Grain Size rosity
iD (1bf/in®) Ice Type (mm) °0o)

High Strength

R1B-320/346 1090 2A-Aligned 55 x 10 25.3
0° Elongation

R5B-075/101 774 2A-Aligned 17 x 6 72.3
5° Elongation

R1B-429/455 696 2A 15 x 10 23.7
5° Elongation

R8A-~432/458 657 2A-Aligned 30 x 5 24,5
5° Elongation

R5A-165/191 619 2A 15 x 3 16.9
0° Elongation

R7A-342/368 607 2c 2 to 20 24.4

' 0° Elongation '

Intermediate Strength

R3B-363/387 394 3B <1 15.3

R2A-140/165 388 1 2 10.1

R5B-341/367 - 368 1 <1 56.1

R7A-059/082 361 1 <1 69.5

R8B-515/541 348 2B 20 x 5 23.8

Low Strength

R7B~241/267 229 3 5 77.8

R1A-226/252 214 24 25 « 15 19.4
40° Elongation

R1A-399/425 214 3 - 38.9

R2B-094/121 171 3B <1 143

R7A-263/286 68 3A 35 154

o
~

From Cox, et al.l
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Table 33

STRENGTH, STRUCTURE, AND POROSITY OF SELECTED RIDGE ICE SAMPLES*
TESTED AT & = 10 S/SEC AND T = =5°C

Ridge Strengt Grain Size Porosity
1D (1bf/in*“) Ice Type (mm) (°/e0)

High Strength »

R1A-300/326 1580 2A-Aligned 55 x 10 20.3
0° Elongation

R7B-440/466 1540 2A-Aligned 45 x 10 32.0
5° Elongation

R8B-483/509 1440 2A-Aligned 50 x 15 25.6
15° Elongation

R8A-384/410 1297 2A 40 x 10 24,2
0° Elongation

R2A-285/310 1270 2A 25 x 15 22.3
10° Elongation

R1A-175/201 1270 2A - 16.2
80° Elongation

RSB-141/167 1270 - 2A ‘ 45 x 25 21.1

0° Elongation

Intermediate Strength

R3B-331/357 971 3B <1 31.4

R3A-188/213 970 3 5 23.5

R3A-401/427 925 3 <1 21.0

R1B-216/241 915 2A 35 x 20 16.3
40° Elongation

R4B-299/325 910 3 2 to 10 56.2

R4B-420/466 910 3A 35 x 10 53.0

Low Strength

R8B-300/326 587 3 - 15.1

R7B~175/201 557 2C 5 23.3
50° Elongation '

R7B-072/098 487 3 - 53.4

R2A-110/135 408 1 . o<1 86.9

R8A-033/059 346 3 - ] - 75.2

* From Cox, et al.l
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Table 34
y PHYSICAL PROPERTIES : )
STRAIN RATE = (10E-5)/SEC  TEMPERATURE = -5°C
Ridge Salinity Density Brine Air Porosity Ice
ID Test SX Test S Volume Volume Type
(0/00) (1b/£t”)  (0/00) (0/00) (0/00)
R1A-062/089 1.80 55.05 17.1 41.9 59.0
R1B-062/089 0.30 54.54 2.8 48.4 51.3
R2A-140/165 0.10 56.77 1.0 9.1 10.1 1
R2B-094/121 0.44 49.35 3.7 139.2 143.0 3B
R3A-106/131 0.60 55.61 5.8 30.1 35.9
R3B-161/187 1.13 56.92 11.1 8.1 - 19.2
R4A-312/338 1.60 53.92 14.9 61.2 76.1
R4B-328/354 1.57 56.11 15.2 22.9 38.1
R5A-165/191 0.41 56.58 4.0 12.9 16.9 24
R5B-075/101 1.80 54.26 16.9 55.5 72.3 2A
R7A-059/085 1.70 54,37 15.9 53.6 69.5 1
R7B-126/152 0.40 51.90 3.6 94.6 98.2
R8A-133/159 1.00 55.95 9.7 24,8 34.5
R8B-162/189 0.82 56.36 8.0 17.4 25.4
R3C-095/122 0.54 54.87 5.1 ©42.9 . 48.0
R3D-159/186 0.26 49,39 2.2 138.2 140.5
R5C~039/066 1,27 53.10 11.6 75.0 86.6
R5D-159/186 0.58 56.15 5.6 20.7 26.3
R6C-166/193 0.45 50.74 3.9 114.8 118.8
R8C-048/075 0.56 54,28 5.2 53.4 58.6
R8D-236/263 0.50 54.74 4,7 45,1 49.8
R1A-226/252 1.26 57.00 12.4 7.0 19.4 2A
R1A-399/425 2.40 56.62 23.4 15.4 38.9 3
R2A-205/230 0.38 55.32 3.6 35.0 38.6
R2A-314/339 2.10 56.79 20.6 12,0 32.5
R2B-408/434 0.80 55.82 7.7 26.9 34.6
R2B-468/494 0.70 55.91 6.8 25.2 32.0
R3A-220/245 1.61 57.06 15.8 6.5 22.3
R3A-430/456 2.18 ° 56.21 21.1 22.2 43.3
R3B-363/389 0.89 56.99 8.7 6.5 15.3 3B
R4A-426/452 1.30 55.79 12.5 28.2 40.8
R4B-391/417 2.27 56.42 22.1 18.7 40.8
R4B-449/475 1.83 56.51 17.8 16.4 34.2
R5A-397/423 0.80 56 .44 7.8 16.0 23.8
R5A-442/468 1.09 56.73 10.7 11.4 22.1 ~
R5A-504/530 1.23 56.47 12.0 16.1 28,1
RS5B-341/367 0.79 54.57 7.4 48.7 " 56,1 1
R5B-398/423 1.13 56.37 11.0 17.7 T 28.7
R7A-263/289 3.03 50.22 26.3 127.6 153.9 3A
R7A-342/368 1.05 56.57 10.2 14.1 24.4 2C
R7B-241/267 1.30 53.63 12.0 65.8 77.8 3
R8A-164/190 1.20 56.43 11.7 16.4 28.1
R8A-432/458 1.80 57.06 17.1 6.8 24.5 2A

R8B~-333/359 1.50 57.04 14.8 6.7 21.4
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Ridge Salinity Density Brine Air Porosity Ice

ID Test SX Test S Volume Volume Type
(0/00) (1b/£t”) (0/00) (0/00) (0/00)

R8B-515/541 1.80 57.10 17.7 6.1 23.8 2B
R3C-296/323 1.62 55.91 15.6 26.5 42.2
R3C-380/407 1.28 55.33 12.2 36.1 48.3
R3D-219/246 1.28 53.43 11.8 69.3 81l.1
R3D-287/314 1.36 56.05 13.1 23.7 36.8
R5C-219/246 1.29 55.67 12.4 30.2 42.6
RS5C-282/309 3.64 56.14 35.3 25.8 61.0
R5D=-225/252 1.37 56.35 13.3 18.5 31.8
R5D-294/321 1.73 56.72 16.9 12.7 29.6
R6A-562/589 2.38 54.01 22.2 60.9 83.1
R6C-529/556 0.86 56.14 8.3 21.3 29.7
R8C-378/405 1.44 56.77 14,1 11.3 25.4
R8C-476/503 1.86 57.20 18.4 4,5 22.9
R8D-446/473 1.95 56.62 19.0 14.7 33.8
R8D-534/561 1.96 56.80 19.2 11.6 30.8
R9A-341/368 0.65 53.71 6.0 63.5 69.5
R9B-385/412 0.72 54.65 6.8 47.2 54.0
R9C-426/453 1.08 56.31 10.5 18.7 29.2
R9D-181/208 1.39 56.67 13.6 13.0 26.6
R10A-351/378 0.27 56.75 2.6 9.8 12.4
R10B-351/378 0.89 56.85 8.7 9.0 17.8
R10C-316/343  2.89 56.58 28.2 17.0 45.2
R10D-325/352 1.61 56.56 15.7 15.2 30.9
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Table 35

PHYSICAL PROPERTIES -
STRAIN RATE = (10E-5)/SEC TEMPERATURE = -20°C

Ridge Salinity  Density Brine Air Porosity Ice

ID Test SX Test S Volume Volume Type
(0/00) (1b/£ft”) (0/00) (0/00) (0/00)
R1C-065/092 0.27 55.94 0.9 25.9 26.8
R1D-071/098 0.61 56.61 2.0 14.6 16.6
R3C-128/155 0.74 " 56.13 2.4 23.1 25.6
R3D-129/156 0.14 49.65 0.4 135.4 135.8
R5C-097/124 0.28 53.38 0.9 70.6 71.4
R5D-121/148 0.53 55.91 1.7 26.7 28.5
R6A-461/488 1.05 54.67 3.4 48.8 52.2
R8C-165/192 0.88 54.44 2.8 52.7 55.5
R8D-192/219 0.83 54.72 2.7 47.7 50.4
R9A-125/152 0.04 50.96 0.1 112.5 112.6
R9B-043/070 0.02 51.65 0.1 100.4 100.5
R10A-195/222 0.53 56.20 1.7 21.7 23.4
R10D-157/184 0.69 56.76 2.3 12.1 14.4
R1C-210/236 1.10 55.40 3.6 36.1 39.7
R1C-240/266 1.55 - 55.88 5.1 28.2 33.3
R1D-209/236 0.99 . 56,01 3.2 25.4 28.6
R1D-315/342 2.21 56.53 7.3 17.6 24.9
R3C-329/359 1.69 55.94 5.5 27.4 32.9
R3C-411/438 1.36 56.55 4.5 16.4 20.9
R3D-250/277 1.59 55.85 5.2 28.8 34.0
R3D-318/345 1.45 56.60 4.8 15.6 20.4
R5C-250/277 1.55 56.55 5.1 16.6 21.7
R5C-328/355 3.88 57.00 12.9 11.1 24.0
R5D-255/282 1.69 56.22 5.5 22.5 28.5
R5D-325/352 1.44 56.83 4.8 11.6 16.4
R6A-661/688 2.83 54.39 9.0 55.4 64.4
R6C-589/616 1.63 56.52 5.4 12.0 17.4
R8C~444/6471 1.48 56.56 4.9 16.4 21.3
R8C~-508/535 2.61 56.84 8.7 12.6 21.3
R8D-477/504 1.95 57.10 6.5 7.4 14.0
R8D-565/592 1.45 56.81 4.8 12.0 16.8
R9A-523/550 0.81 55.83 2.6 28.4 31.1
R9B-449/476 1.57 55.09 5.1 42.0 47.1
R9C-395/422 1.09 55.77 3.6 29.7 33.3

RID-317/344 1.11 55.35 3.6 37.1 40.6 -
R10A-320/347 1.23 56.92 4.1 9.9 . 1400
R10B-418/445  0.28 56.62 0.9 14.1 15.1
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Table 36

PHYSICAL PROPERTIES
STRAIN RATE = (10E-3)/SEC

TEMPERATURE = -5°C

Ridge Salinity Density Brine Air Porosity Ice
1D Test SX Test S Volume Volume Type
(0/00) (1b/fc”) (0/00) (0/00) (0/00)
R1A-175/201 Q.70 56.81 6.9 9.4 16.2 2A
R1B-131/157 0.37 56.82 3.6 8.7 12.3
R2A-110/135 0.20 52.43 1.8 85.0 86.9 1
R2B-135/161 0.10 55.81 1.0 25.8 26.8
R3A-188/213 1.40 56.85 13.7 9.8 23.5 3
R3B-130/155 1.13 56.28 11.0 19.3 30.3
R4A-283/309 1.30 53.58 12.0 66.7 78.7
R4B-299/325 1.30 54.89 12.3 43.9 56.2 3
R5A-135/161 0.20 56.10 1.9 20.9 22.9
R5B-141/167 0.20 56.20 1.9 19.2 21.1 2A
R7A~005/031 0.02 52.92 0.2 76.2 76.4
R7B-072/098 0.48 54.53 4.5 48.9 53.4 3
R8A-033/059 0.30 53.16 2.8 72.5 75.2 3A
R8B-011/037 0.10 52.48 0.9 84.0 84.9
R2C-049/076 0.17 49.93 1.5 130.6 132.1
R2D-134/161 0.37 52.64 3.4 81.5 84.8
R4C-244/271 2.58 56.13 25.0 24.3 49.2
R4C-309/336 0.88 55.43 8.4 33.7 42.1
R4D-228/255 2.51 55.90 24.2 28.1 52.3
R7C-007/034 0.10 54.27 0.9 52.9 53.8
R6A-398/425 0.88 52.18 7.9 90.4 98.3
R6A-504/531 0.81 53.47 7.5 67.9 75.3
R7D-088/114 0.64 55.33 6.1 35.1 41.2
R9C-080/107 0.46 54.67 4.3 46.1 50.4
R9D-082/109 0.41 53.72 3.8 62.9 66.7
R1A-300/326 1.00 56.77 9.8 10.5 20.3 2A
R1B-216/241 1.20 57.14 11.8 4.4 16.3 2A
R1B-243/268 1.56 57.14 15.4 5.0 20.4
R2A-285/310 0.70 56.46 6.8 15.5 22.3 2A
R2A-383/408 2.00 56.81 19.6 11.5 31.1
R2B-351/377 2.46 56.37 23.9 19.8 43.8
R2B-438/464 2.70 56.48 26.3 18.3 44,6
R3A-401/427 1.45 57.03 14.3 6.8 21.0 3
R3B-239/265 2.00 57.13 19.7 5.9 25.6
R3B-331/357 2.00 56.79 19.6 11.8 31.4 3B
R4A-398/423 1.30 56.03 12.6 23.2 " -36.5
R4B-358/384 1.96 56.00 18.9 - 25,5 44,4
R4B-420/446 3.30 56.39 32.2 20.8 53.0 3A
R5A-473/499 0.91 55.75 8.8 28.3 37.1
RSB-287/313 4.00 56.96 39.4 12.1 51.4
R5B-370/396 1.26 55.09 12.0 40.4 52.3
R7A-232/258 3.40 49,76 136.1 165.3

29.2
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Ridge Salinity Density Brine Air Porosity"- Ice
ID Test SX Test S Volume Volume Type
(0/00) (lb/ft”) (0/00) (0/00) (0/00)
R7A-295/321 0.95 54.09 8.9 57.3 66.1
R7B-175/201 0.13 56.03 1.3 122.0 23.3 2¢C
R7B-440/466 2.48 57.08 24.4 7.6 32.0 2A
R8A-305/331 1.50 56.70 14.7 12.6 27.2
R8A-384/410 1.70 57.01 16.7 7.5 24,2 2A
R8B-300/326 0.30 56.61 2.9 12.2 15.1 3
R8B-483/509 2.10 57.0 20.7 4.9 25.6 2A
R2C-196/223 1.04 55.35 9.9 35.4 45.3
R2C-278/305 2.33 54.66 22.0 49.5 71.5
R2D-220/247 0.37 54.65 3.5 46.7 50.1
R2D-334/371 1.90 54.58 17.9 50.3 68.1
R4C-414/441 3.03 56.76 29.7 14.1 43.7
R4C~512/539 1.03 55.85 9.9 26.6 36.6
R4D-495/522 2.92 57.16 28.8 6.9 35.7
R6C-476/503 0.93 54.44 8.7 51.2 59.9
R7C-143/170 0.77 56.27 7.5 18.9 26.4
R7C-541/568 1.15 56.75 11.3 11.2 22.5
R7D-223/250 2.04 55.49 19.5 34.5 54.0
R7D-312/339 1.12 54.82 10.6 44,7 55.3
ROA-445/482 1.05 54.01 9.8 58.8 68.6
R9B-329/356 0.78 55.00 7.4 41.0 48.4
R9C-332/359 0.83 54.98 7.9 41.5 49.3
R9D-249/276 0.96 53.81 8.9 62.2 71.1
R10A-269/296 0.8l 56.39 7.9 16.9 24.8
R10B-274/301 1.09 56.44 10.6 16.5 27.1
R10C-445/472  1.99 56.71 19.5 13.2 32.7
R10D-231/258 1.03 56.61 10.1 13.4 23.5
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Table 37

PHYSICAL PROPERTIES :
STRAIN RATE = (lQE-3)/SEC . TEMPERATURE = -20°C

Ridge Salinity Density Brine Air Porosity Ice

ID Test SX Test S Volume Volume ' Type
(0/00) (1b/£e™) (0/00) (0/00) (0/00)
R1C-127/154 0.31 56.08 1.0 22.8 23.8
R1D~153/178 1.00 56.20 3.3 22,1 25.4
R2C-129/156 0.63 54.62 2.0 50.5 52.5
R2D-095/122 0.20 53.22 0.6 73.3 73.9
R4D-198/225 2.31 54.72 7.4 49.2 56.5
R6A-531/558 1.22 54,37 3.9 54.2 . 58.1
R6C-134/161 0.29 52.48 0.9 86.2 87.1
R7C-092/119 0.82 55.89 2.7 27.4 30.1
R7D-036/063 0.19 55.16 Q.6 39.5 40.1
R9A-071/098 0.04 50.93 0.1 113.0 113.1
R9B-076/103 0.03 50.68 0.1 117.4 117.4
R9C-049/076 0.38 54.81 1.2 45.8 47.0
R9D-150/177 1.22 55.68 4.0 31.4 35.4
R10A-238/265 0.81 56.58 2.7 15.4 18.0
R10B-084/111 0.6l 56.33 2.0 19.5 21.5
R1C-349/375 3.42° 56.71 11.3 15.6 27.0
R1C-384/410 1.94 54.65 6.2 50.0 56.2
R1D-179/206 1.03 56.63 3.4 14.7 18.1
R1D-285/312 2.48 © 57.29 8.3 4.6 12.9
R2C-226/253 0.89 54.80 2.8 46.4 49.3
R2C-310/337 2.63 55.15 8.5 42.0 50.5
R2D-265/292 3.01 55.25 9.7 40.6 50.3
R2D-406/433 1.61 55.13 5.2 41.4 46.5
R4C-482/509 1.28 55.92 4.2 27.3 31.5
R4C-543/570 1.87 56.16 6.1 23.7 29.8
R4D-382/409 1.15 56.45 3.8 18.0 21.8
R4D-414/441 0.90 55.25 2.9 38.6 41.5
R4D-525/552 0.88 56.19 2.9 22.2 25.1
R6C-559/586 1.70 55.92 5.6 27.7 33.3
R7C-457/484 1.32 57.04 4.4 7.9 12.3
R7C-572/599 1.33 56.73 4.4 13.3 17.7
R7D-254/281 1.21 55.62 3.9 32.5 36.4
R7D-546/573 1.09 56.72 3.6 13.2 16.8
R9A-424/451 0.68 54.00 2.1 60.1 62.3

R9B-417/444 0.62 54.37 2.0 53.6 . 55.6 _
R9C-507/534 1.86 56.77 6.2 13.1 . 19.3

R9D-348/375 1.14 .55.39 3.7 36.4 40.1 B
R10A-407/434  0.22 56.68 0.7 13.0 " -13.8
R10B-449/476  0.36 56.70 1.2 12,8 14.0
R10C-506/533  3.65 57.02 12.2 10.5 22.7
R10D-508/535 2.35 57.00 7.8 9.6 17.4
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and 39. In these figures, the columnar ice types (i.e.,IZA, 2B, and 2C)
appear to be more closely clustered than the granular or mixed ice types
(i.e., 1, 3, 3A, and 3B). This is due to the generaliy low porosity of the
columnar samples and the wide range of porosities found in the granular and
mixed ice types. The columnar samples, however, do show much scatter in the
maximum stress since crystal orientation plays an important role in these
samples. The columnar ice types loaded in the hard fail direction (i.e.,
small angle between the load direction and axis of elongation) generally
determine the upper bound on strengths, while the granular, mixed, and
columnar loaded in the soft fail direction ice types fall into the inter-

mediate and low strength ranges.

SUMMARY

Current methods of calculating ice loads depend on a knowledge of
the mechanical properties of the ice feature being considered. Prior to the
completion of MPSI-1 limited data were available describing the uniaxial
compreésive response of multi-year ridge ice. The results presented here
summarize the mechanical properties of approximately 220 uniaxial cémpression
tests conducted at two temperatures and two strain rates in MPSI-1. The
effects of temperatures and strain rate on the mechanical properties are
investigated by conducting pairwise t-tests on the mean values for the two
levels of constant temperature and constant strain rate.

As expected, the t-tests show that the maximum stress and the total
dissipated energy increase with increasing strain rate and decreasing tempera-
ture. The tangent modulus increases with increasing strain rate but is inde-
pendent of temperature. The residual stress is independent of strain rate but
increases with decreasing temperature. The strain at maximum stress increases
with decreasing strain rate, but the t-tests on temperature effects are incon-
clusive.

An energy based failure criterion was investigated by calculating
the energy dissipated to peak strength. The results from the t-tests con=-
ducted on this energy quantity show that at all test conditions except for one
(i.e., C320), the mean value of the energy dissipatéd at peék strength is the
same. This observation offers some promise for an energy based failure
criterion, but further investigations need to be made to understand why the

energy dissipated at €320 is different. Even if these investigations prove
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fruitless, an energy based failure criterion could possibly be hypothesized on
a restricted temperature strain-rate regime where the mean values of the
energy dissipated to peak strength are the same. ‘

Improved techniques for calculating ice loads will depend on more
than a knowledge of a single mechanical property such as the compressive
strength. Numerical modeling techniques, such as the finite element method
for example, can take advantage of the entire stress-strain curve to describe
the material behavior. Given the large variations observed in the mechanical
properties, a means of classifying the stress—strain curves was sought to
allow a comparison of different curves at a particular test condition and to
investigate the effects of temperature and strain rate on the stress-strain
response.

The total energy dissipated (IT) by an ice sample seems to be a
logical choice as a parameter for discussing the stress-strain response since
all important mechanical properties contribute to its calculation. Material
response is typically described in qualitative terms as being either brittle

or ductile. However, this familiar terminology is of no use in connection

5]

with Ip unless its spatial distribution in the stress-strain plane is somehow

brought into play.

31

A measure of the spatial distribution of Iy can be derived by
decomposing IT into a rate independent and a rate dependent part. The rate
independent component of the total energy dissipated is defined as the flow
energy (IF) and the rate dependent component is defined as the crushing energy
(Ig). The ratio, Io/Ip, can now be used to provide a quantitative measure of
ductility or brittleness. An ice sample with a low IC/IF value has a flat
stress—-strain curve and hence represents a ductile response. On the other
hand, a high IC/IF value indicates a sharp stress-strain curve. Rate
independent correlations between stress and energy components can be obtained
by pairing the flow energy with the residual stress (cR) and the crushing
energy with the maximum stress (oM). From these correlations, we find the

quantity : : -

iy

is proportional to I./I. and hence provides another measure of brittleness or
prop c/*F P

ductility.




105
BRC 45-85

Pairwise t-tests were conducted for the ratio IC/IF for the two
levels of constant temperature and strain rate. Results show that the mean
value of IC/IF does not change with temperature but increases with increasing
strain rate. Thus, changes in temperature cause a proportional change in the
shape of the stress-strain curve. This is due to approximately proportional
increases in maximum stress and residual stress with decreasing temperature.
Changes in strain rate cause a distortion in the shape of the stress-strain
curve as one would expect.

A comparison of the IC/IF value within a particular test condition
shows large variation of the mechanical response. If the entire stress-strain
response is to be incorporated into an improved design methodology, then a
method needs to be chosen to somehow suitably average the wide range of
responses observed at a particular test condition. Two methods were inves-
tigated. The first method is simply a point by point averaging of each
curve. The second method is to minimize the least square "error" from the
mean of all important mechanical properties. Of the two methods investigated,
the second is the easier method to apply and provides a means of choosing a
real stress—strain curve which is more faithful to the obge?ved average
mechanical properties.

The effects of the physical properties on the mechanical properties
were briefly investigated. Similar to other ice types, the maximum stress and
tangent modulus of multi-year ridge ice decrease with increasing porosity.

The possibility that the samples with low brine volumes form an upper bound on
the strength vs porosity and tangent modulus vs porosity plots was also
investigated but no such upper bound was found. The limited amount of
crystallographic information showed that columnar samples had smaller varia-
tions in porosity than other ice types, but still had large variations in
strengths due to variations in the orientations of the axis of elongation of
the crystal with respect to loading direction. The larger variations in
mechanical properties of the mixed and granular ice types are due primarily to

large variations in porosity. : - -

RECOMMENDATIONS FOR FUTURE WORK

Although the effects of temperature and strain rate on the uniaxial
response of multi-year ridge ice have been investigated, our understanding of

the material's behavior is by no means complete. In ice-structure interaction
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problems, the ice will be subjected to three dimensional states of stress.
Consequently, a knowledge of the effects of confining pressure on the
mechanical response of multi-year ridge ice is:needed.‘ Phase II of the
program (MPSI-2) includes approximately 60 conventional triaxial tests which
will provide information on the pressure dependence of the mechanical
response.

It is expected that a simple linear interpolation of the mechanical
properties between the two MPSI-1 test temperatures (i.e., =5°C and -20°C)
will be adequate to define the temperature dependence of the properties over
that temperature range. However, there are situations such as summer floe
impacts and the local contact between a ridge keel and conical structure where
the temperature of the ice would be warmer than -5°C. At warm temperatures,
the mechanical behavior of ice becomes highly nonlinear, and extrapolation of
the MPSI-1 temperature data would probably over-predict ice strengths near the
melting point. Clearly, warm temperature strength data are needed. A test
prdgram independent of the MPSI program has been initiated to obtain these

data.

(%]

With the completion of the progfam to obtain warm temperature
strength data, we will have a comprehensive view of the small scale mechanical
response of multi~-year ridge ice. Emphasis should then be shifted from the
laboratory to the field. 1Imn particular, investigations need to be made on the
internal structure of multi-year ridges. The small scale data show large
variations in the mechanical properties which are attributed to the wide
variety of ice types found in multi-year ridges. Very little is known about
the spatial distribution of these ice types within a ridge. Structural trends
observed in a ridge could play anvimportant role in the calculation of ice
loads. It was observed, for example, that the keel region of the continuous
core sampled in MPSI-1 contained predominantly vertically oriented columnar
ice. If this is in general true for all keels, then the design methodology

and geometry could be modified to take advantage of this feature. ~

i3
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Appendix A
PROCEDURE FOR SMOOTHING MPSI STRESS-~-STRAIN CURVES

INTRODUCTION

In Phase I of the Mechanical Properties of Sea Ice (MPSI) program,
approximately 200 uniaxial constant strain rate compression tests were conduc-
ted. These tests were recorded on an FM magnetic tape recorder. It was nec-
essary to digitize the analog magnetic tapes in order to employ a computer
analysis of the data. After digitization, the data were processed further by
fitting cubic splines to the digital data from each test. This step serves
three purposes:

1. Cubic splines provide a more efficient means of storing the data,
2. An& noise in the data is filtered out, and
3. Application of constitutive models to ice requires an analytical
description of the stress—strain curve.
The following account describes the procedures employed in obtaining the

smooth stress-strain curves from the digitized data.

CUBIC SPLINES

The cubic splines for each test are found by employing the IMsL1Z
subroutine ICSVKU. This subroutine requires that the range of the independent
variable, t, be divided into (k-1) intervals by selecting k knots, ts,
i =1, 2,...,k. The subroutine then calculates a cubic spline §; for each
interval. Taken together, the splines form a (k-1) branched composite func-
tion, F(t), which is continuous and has continuous first and second deriva-
tives at each intermediate knot. The cubic splines are chosen so that the
composite function minimizes the least squares error of the approximation to
the digitized data.

Each spline, S;, is referred to a local coordinate system,
(Ei,Si(gi)) whose origin is located at the point (ti,O). To evaluate the
composite function at the point t = t , one must first find the knot interval,
2oty sese,
the function is evaluated by the equation,

» in which the point lies. Once this interval is found,

5,(g,) = ((Ci351 +C.,) B+ Cu] £, + vy., (1)
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where

Here C;3, Cjj» and C;; are the cubic, quadratic, and linear coefficients,
respectively, of the local independent variable, gi' The quantity, y;,
denotes the initial value of the splime in the local coordinate system. These
quantities are returned by the subroutine and represent the best fit of the
data on the interval, t,; <t Sty The (k-1) x 3 matrix Cij’ the (k-1)
dimensional vector y;, and the k dimensional vector t; will completely specify
the composite function, F(t). These quantities are tabulated in data files
for each test. A schematic diagram of the composite function and cubic
splines is found in Figure A-l.

The successful use of splines to approximate a data set is dependent
on the choice of knots. The subroutine ICSVKU is a variable knot routine
which optimizes the knot locations after an initial guess is made for the
knots. The IMSL library package also contains several subroutines which
evaluate the splines, take first and second derivatives, and integrate.
However, it is not necessary to have access to the IMSL library package to
perform these calculations, since it is an easy task to program Equation (1)
if given the quantities cij’ y;» and tj.

1

TEST MEASUREMENTS

In Phase I, the uniaxial compression tests were conducted at strain
rates, &, of 1077 /sec and 10"3/sec, and temperatures, T, of -5°C and -20°C.
Each test sample was loaded at a constant strain rate until either the sample
failed or the strain reached 5%. The shape of the stress—strain curve is
highly dependent on strain rate and much less dependent on temperature.
Consequently, for the purpose of curve fitting, we will only consider the two
strain rates to be the test conditions. All observations or conclusions
regarding tests at a given strain rate will apply to both temperatures. In
the following, two tests are chosen to be typical examples of the results from
each of the two strain rates. Test number R5A-165/191 will represent the
10~ /sec tests and test number R4B-299/325 will represent the 1073/sec tests.

In each test, a load cell recorded the axial force as a function of
time. The axial displacement was also recorded as a function of time with an

extensometer and two DCDTs. The extensometer recorded displacements over the
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Fig. A-1 - Typical spline fit to experimental data.
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full sample length (10 in.) and was used as the feedback control on the closed
loop testing machine. The two DCDTs were mounted on the ice sample 180° apart
with a 5 1/2" gage length. The calibrated output from the load cell is
converted to stress by dividing by the original cross-sectional area of the
sample, and the calibrated output from the axial displacement transducers is
converted to strain by dividing by the appropriate gage length.

In Figures A-2 and A-3, the strain recorded from each axial dis-
placement transducer is recorded as a function of time for each strain rate.
At the beginning of each test, there is close agreement between all three
transducers, but there is a point at which the output of the two DCDTs begins
to diverge from the extensometer. This point is usually just prior to the
peak force. Ideally for a constant strain rate test, the DCDTs should produce
linear measurements similar to the extensometer throughout the test. However,
at times corresponding to the peak force, the ice begins to undergo nonhomoge-
neous deformations characterized by highly localized bulging and fracturing.
Since the DCDTs are attached directly to the ice, their nonlinear measurements
are a direct result of the nonhomogeneous deformations. For this reason the
measurements from the DCDTs should not be considered dependable beyond the
initial portion of the test. The extensometer, on the other hand, measures
the relative displacement of the endcaps, and its measurements should be
interpreted as the average displacement over the sample length. Since we are
interested in constant strain rate up to 5% strain, only the extensometer will
be used to measure axial displacement.

The complete time histories for the load and strain measured from
the extensometer as shown in Figures A-4 and A-5 for each strain rate. The
force histories for each strain rate are plotted on the same coordinate axes
in Figure A-6 to illustrate the change in shape with strain rate. As will be
seen later, the differences in shape will require slightly different fitting

techniques for each strain rate.

FITTING PROCEDURES FOR FORCE-TIME CURVES

when conducting an experiment, the experimentalist attempts to
create an idealized situation to obtain measurements for use in a theoretical
model or hypothesis. But, because of experimental limitations, it is usually
impossible to create these ideal situations, causing some discrepancies
between experiment and theory which should be accounted for in the data

analysis.
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To illustrate some of the discrepancies arising from the uniaxial
compression tests, consider Figures A-7 to A-10 which show enlarged views of
the force and strain measurements near the beginning of each test. In Figures
A-7 and A-9, the force increases from zero at time, t = 0, as expected,
whereas in Figures A-8 and A-10, the axial displacement does not increase from
zero until approximately t = 8 sec for the 1077 /sec tests and t = 0.3 sec for
the 10~3/sec tests. This apparent discrepancy in the starting time is due to
the finite amount of time required for the machine to overcome the initial
condition of being at rest and then reach a steady state condition of constant
strain rate. The resolution of the transducers and digitizing hardware also
prohibits the measurement of very small strains near t = 0., Figures A-7 and
A-9 also show the initial curvature (i.e., the second derivative) of the
force-time curves to be positive. This initial positive curvature is partly
due to the initially nonconstant strain rate and is partly due to the elastic
closure of voids and microcracks which acts to stiffen the material response.
Because of the positive initial curvature, the maximum slope would occur some-
time after the beginning of the test. This contradicts a fundamental assump-
tion of constitutive theories (e.g., elasto-plasticity, viscoelasticity, etc.)
commonly used to describe materials having nonlinear stress-strain curves.
These theories assume the maximum slope occurs at the beginning of the test
and represents the initial elastic response of the material.

With the previous problems in mind, procedures were developed to
produce force-time curves which conform to the following guidelines:

1. Obtain accurate measurement of the mechanical properties. The
properties of major interest from the stress—-strain curves are the peak
stress, the maximum slope, and the residual stress.

2. Develop a systematic method to resolve the apparent discrepancy in
the start time of the force and axial displacement measurements.

3. Qenerate stress-strain curves whose initial slope is the maximum
slope. In doing this, we are in effect editing out the initial positive
curvature in.the data. Although it is recognized that this feature is an
intrinsic material property in geological materials such as rock, we do not
feel that the exclusion of this feature will have an effect on ice loads
calculated from these edited stress—strain curves.

The subroutine ICSVKU finds cubic splines which minimize the least

squares error of the entire curve. This, however, does not guarantee a good
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local fit. When applying the subroutine to the entire data set of digitized
points, good fits are consistently obtained for the points beyond the peak
force and poor fits are found for the points up to and around the peak

force. The poor fit at the beginning is a result of the subroutine's prefer-
ence to fit the smooth portion of the curve beyond the peak force rather than
the initial portion where the slope changes rapidly from zero at t = 0,
reaches a maximum, and goes back to zero at the peak. It is by far easier to
minimize the global least squares error by finding a good fit in the smooth
post peak area where a majority of the points are located rather than fit well
the few points near the origin. Attempts at improving the initial fit by
adding more knots near the origin or weighing the initial part with more
points failed to achieve consistent results.

To insure an accurate curve fit for the beginning of the force-time
data set and hence an accurate measurement of the maximum slope, a primary
smoothing is made for the initial part of the data only. This is done by
creating a subset of points from the entire data set for each strain rate.

For the 10-5/sec strain rate, all points for the first 40 sec comprise the
subset for primary smoothing. The subset for the 1073 /sec tests consists of
all points to the peak minus the first and last few points to eliminate the
portions of the subset which would have zero slopes. The resulting subsets
for each strain rate then form a smooth monotonically increasing data function
which can be accurately fitted with splines. The subset for each strain rate
is then divided into four intervals by selecting five equally spaced knots.
Cubic splines are then found for each interval, and the maximum slope is found
by calculating the slope at the inflection point. Figures A-11 and A-12 show
the data points in each subset, the fitted curve, and the tangent at the point
of inflection for the primary smoothing.

A secondary smoothing is then made by creating another data subset
for each strain rate consisting of all points to the right of the inflection
point. The first few points of the subset are then deleted to insure that the
initial slope of the secondary smoothing is less than the previously calcu-
lated maximum slope. The 10-5/sec data subset is divided into ten intervals,
and the 1073/sec data set is divided into nine intervals. Cubic splines are
then found for each interval. These splines are then considered final for

that portion of the force-time curve.
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The next task is to construct an additional spline which connects
the initial point of the secondary smoothing with the time axis. This spline
is constructed without regard to the data points pfior to the initial point of
the secondary smoothing, since those points represent the portion of the curve
with positive curvature.

The first step in this procedure is to shift the knot index, 1, of
the quantities returned by the subroutine for the secondary smoothing. The
shift is made by increasing the index by one, so that t; becomes tj, ¥;
becomes y,, Clj’ j =1, 3, becomes C2j’ etc. The secondary smoothing is now
described by (k-1) splines Si(si), i =2, k. A schematic diagram illustrating
the additional spline along with the secondary smoothing is shown in
Figure A-13.

To construct the additional spline, Sl(gl), a local coordinate
system is set up at the point (t2 - Ty, 0). The independent variable for this
coordinate system 1s El and covers the range 0 < 51 < Tl} The spline, Sl(il),
is found by constructing a cubic polynomial which satisfies the following

conditions:?

1. sl(o) =0

2. si(o) = ;ax

3. s''(o) =F"! (2)
1 o

4. 85.(Ty) = $,(0) =y,

5. si(rl) = sé(o) =C,

) = Q' =
6. 5,'(T)) = s, (0) = 2¢c,,
Here F&ax denotes the maximum slope calculated from the primary smoothing.
Although the cubic polynomial which we are trying to construct is described by
four unknown constants, the six conditions shown above can be satisfied since
the quantities T; and F;' are also considered as unknowns.

Successive elimination of the unknowns in the above conditions
yields a quadratic equation in Fé' with the coefficients being algebraic
. . .. ' . .
combinations of the known quantities Fmax’ Yor C21, and C22. Solution of this
quadratic equation will yield two solutions for Fé’. If one of these

solutions is negative, then that solution 1s chosen to be the correct
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solution. With Fé' < 0, we are guaranteed that the curvature of sl(gl) will
be negative, since we have required that the initial slope of the secondary
smoothing be less than F%ax' Once the additional spline Sl(gl) is determined,
the smoothing procedure is complete. Figure A-14 illustrates the smooth curve
obtained for the 1077 /sec test using this procedure. Figure A-15 is an
enlarged view of this curve near the origin to illustrate the initial negative
curvature of the smooth curve and the continuity at the initial point of the
secondary smoothing.

In the event that the quadratic equation for Fé' yields two positive
solutions or two imaginary solutions, the conditions in Equation (2) can be
relaxed by adding two splines to the secondary smoothing instead of one. In
this case the knot indices, i, for t;, ¥;», and Cij’ j =1, 3, are shifted by
two. Figure A-16 illustrates the location of the additional splines after the
index shift has been made.

To construct the spline adjacent to the initial point of the secon-
dary smoothing, a local coordinate system is set up at the point
(t3 - Ty, 0). The independent variable for this coordinate system is 52 and
covers the range 0 < £, < T,. The spline, 52(52) is found by constructing a

cubic polynomial which satisfies the following conditions:

' -
l. 52(0) F oy

ax

2. Sé'(o) = 0,

3. SZ(TZ) = S3(O) = Yq» (3
4, sé(TZ) = sé(o) = Cyy»

(] = te =
5. s2 (Tz) = 53 (0) 2c32

The above five conditions are sufficient to solve for the four unknown con-
stants of the cubic polynomial and the unknown time quantity, T,. Since the
initial point of the secondary smoothing is a few points to the right of the
inflection point of the primary smoothing, the quantity, (t3 - Tz) roughly
corresponds to the time at which the inflection point occurs in the experi-
mental data.

In a similar manner, the spline to the left of 52(52) is found by
setting up a local coordinate system at the point, (tg = Ty = Ty, 0) for the

independent variable, 51, which covers the range, 0 < &1 < Tl. The spline
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Fig. A-16 - Schematic diagram of the location of the two additional knots with
respect to the secondary smoothing.
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Sl(gl) is found by constructing a cubic polynomial which satisfies the follow~

ing conditions:

1. s;(0) =0,

2. si(o) = F;ax,

3. si'(o) = 0, (4)
4. S1(Ty) = S,(0),

5. si(rl) = sé(o) = F&ax.

These five conditions are sufficient to find the four unknown constants of the
cubic spline, Sl(gl), and the unknown time quantity, T,;. Note that the appli-
cation of conditions 3 and 5 in Equation (4) collapses the cubic polynomial
into a linear curve which automatically forces continuity of the second
derivative at T;.

After the two additional splines are found, the smoothing procedure
is completed. Figure A-17 illustrates the type of fit obtained for the
10’3/sec test using the additional two knot procedure. Again, an enlarged
view of the fit is shown in Figure A-18 to illustrate the initial linear
portion of the smooth curve and the continuity at the initial point of the
secondary smoothing.

The particular technique used to determine the initial portion of
the smooth curve depends on the initial conditions of the secondary smoothing
and the maximum slope found in the primary smoothing. As a general rule, the
shape of the 10-3/sec tests is such that two additional knots are required to
supplement the secondary smoothing. On the other hand, the 1O-S/sec tests
seem to favor the technique requiring only one additional knot, although a few
of those tests were found which required two knots to complete the smoothing.

The procedures discussed above describe the methods used to fit
splines to fully developed force-time curves for both strain rates. These
procedures are modified slightly for the 10"3/sec tests which undergo prema-
ture failure. The first step in fitting splines for these tests is to deter-
mine the appropriate time for the end of the test. Figures A-19 and A-20
i1lustrate the force and strain time histories of a test having a premature
failure. The strain history shows a jump in strain rate at approximately

3.75 seconds. At this time the strain rate deviates from the chosen test
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strain rate due to rupture of the sample. This time is chosen as the end of
the test and all data points beyond this time are eliminated from the force
time history.

Once the end of the test is determined, the remaining time record is
divided into eight intervals by choosing nine equally spaced knots. Splines
are found for each interval, and the maximum slope of the force-time curve is
determined by finding the inflection point. All points prior to the inflec-
tion point are deleted and replaced by points on the line tangent to the
inflection point and extending from the inflection point to the time axis.
This method is illustrated schematically in Figure A-21 and is applied by
manipulating the indices of the spline parameters and constructing the coef-
ficients of the spline representing the linear portion of the curve. If the
inflection point falls between the knots t; and t;.;, then t; and all previous
knots are deleted from the knot array. The remaining knots are renumbered by
changing the i + j index to j + 2 where j = 1, 9-i. A new knot labeled ty is
then placed at the inflection point, and a new knot labeled t; is placed at
the intersection of the tangent and the time axis. Thus, the final number of
knots is ll-i. The initial values and spline coefficients follow similar
index changes. Since the tangent at the inflection point is used for the
initial part of the force-time curve, continuity of the function and its first
and second derivatives is guaranteed at the inflection point. Figure A-22
illustrates the initial smoothing of the entire time record and the construc-
tion of the tangent to the inflection point, and Figure A-23 illustrates the
final smoothed force-time curve.

All of the above procedures provide a general approach for smoothing
the various types of force-time curves encountered in the data set. However,
in some cases, there are situations, such as two inflection points prior to
peak stress or local maximum values, which render these procedures unsuitable
for application. In these special cases, smooth curves are obtained by judi-
ciously editing the data or by making individual modifications of the above
procedures. In all cases, though, every effort is made to yield a consistent

set of force-time curves which are faithful to the recorded data and conform

to the guidelines discussed previously.

Regardless of the technique used to find the initial portion, the
start time of each test is determined by shifting the global force-time coor-

dinate axes to coincide with the local axes, (51,8(51)). The shift is easily
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Fit) b O ORIGINARL KNOTS

® NEW KNOTS
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Fig. A-21 - Schematic diagram of the procedure to smooth tests with a prema-
ture failure.
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made with the coordinate transformation, t = t - At s where At = ¢t - T

one additional knot is required, At = t
are required, and At =
At is illustrated for each technique in
previously determined splines are valid
as a similaf transformation is made for
amount of the time shift, At, is on the
and 0.2 sec for the 10™3/sec tests. In

uncertainty of the start time.

tl when a test has a premature failure.

2 1 when
- T2 - 'I'1 when two additional knots

The quantity
Figures A-13, A-16, and A-21. The

in the new coordinate system as long
The

order of 8 sec for the 10™°/sec tests

each knot, i.e., £, =t - At.

each case the time shift is within the

After the time shift, the resulting function F(t) represents the

force history of the entire test.

If the final number of knots is m, then

F(t) will consist of (m=1) branches, Si(gi), defined on the intervals,

0<E, <t, - t., where . =
< El < i? 51

t-t..
1+] t 1

has continuous first and second derivatives at every point.

The function, F(t), is continuous and

Furthermore, the

maximum slope of F(t) occurs at the origin and is equal to the maximum slope

of the experimental data.

knots, Ei’ i =1, m the initial value of each spline, Yi» i=
=1, (m-1), j =1, 3.

the spline coefficients, Cij’ i

The composite function is completely defined by the

1, (m-1), and

These values are

tabulated in data files for each test and are shown in Table A-1 for test
number R5A-165/191, Table A-2 for test number R4B-299/325, and Table A-3 for

R8B-483/509.

As a final step, the strain history is shifted by the amount, At.

Two knots are chosen at the beginning and end of the strain history and a

cubic spline is found by calling the subroutine ICSVKU.

unnecessary since the strain history is

test, but it does provide a check on the test strain rate.

by comparing the coefficients returned by the subroutine.

This step is
linear for a constant strain rate
The check is made

If the cubic and

quadratic coefficients are several orders of magnitude smaller than the linear

coefficient and if the linear coefficient is within 1% ofthe test strain rate,

then the test is considered valid.

Once this check is completed,

generate the stress~strain curve by scaling the coordinate axes.

the force-time curve, F(t) is used to

The force

axis is divided by the original cross-sectional area of the test sample and

the time axis is multiplied by the test

strain rate. The stress strain curves

for test numbers RS5A-165/191, R4B-299/325, and R8B-483/509 are shown in
Figures A-24, A-25, and A-26, respectively.
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Table A-1

A-34

SPLINE PARAMETERS FOR R5A-165/191

Temperature = -5°C

Strain Rate = 10E -5/Sec
I T(I) Y(I) c(1,1) c(1,2) c(1,3)
1 .00000 .00000 130.85 -3.6589 .11879
2 8.5945 929.77 94,283 -.59617 .15679-02
3 . 72.798 4940.6 37.120 -.29418 .15703-02
4 137.00 6526.7 18.763 ~.82711-02 -.95727-03
5 201.20 7512.1 7.9873 -.17611 .82803-03
6 216.20 7595.1 3.2630 -.13885 .79035-03
7 269.45 7494.5 -4,8010 -.12609-01 .35774-04
8 472.95 6296.8 -5.4883 .92319-02 -.82040-05
9 787.00 5229.6 -2.1172 .15026-02 ~.50542-06
10 1603.2 4227.7 -.67447 .26502-03 -.50521-07
11 2894.1 3690.0 -.24280 .69364-04 -.14443-07
12 4870.2 '




R4B-299/325

SPLINE PARAMETERS FOR R4B-299/325

BRC 45-85

Table A-2

A-35

Temperature = -5°C
Strain Rate = 10E -3/Sec
I T(I) Y(I) c(1,1) c(1,2) c(1,3)
1 .00000 .00000 12769. .00000 .00000
2 54611 6973.2 12769. .00000 -.33446+06
3 .55794 7123.8 12628. -11878. 2825.1
4 .82794 9723.2 6832.2 -9589.6 2906.2
5 1.0979 10926. 2289.4 -7235.6 2671.8
6 1.3479 11088. -827.47 -5231.7 2937.4
7 1.5979 10600. -2892.6 -3028.7 2816.6
8 2.2723 8135.6 -3134.6 2669.9 -1241.2
9 2.9309 6874.7 -1232.9 217.53 -16.225
10 7.1064 4338.0 -264.98 14,290 -.37480
11 18.190 2646.3 -86.343 1.8275 -.18087~-01
12 48,628
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Table A-3
SPLINE PARAMETERS FOR R8B-483/509
R8B-483/509

Temperature = -5°C
Strain Rate = 10E -3/Sec

1 T(I) Y(1) c(I,1l) c(1,2) c(1,3)
1 .00000 .00000 13828. .00000 .00000
2 .20898 2889.8 13828. .00000 -54684.,
3 .23329 3225.2 13737. -3866.6 751.57
4 .59068 7675.1 11261. -3060.8 -299.87
5 1.0609 12263, 8183.4 -3483.8 240.55
6 1.8089 16535. 3375.5 -2944.1 1434.3
7 2.3024 17656. 1517.6 -820.76 -1279.9
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STRAIN RATE = (10E-5)/SEC
TEMPERATURE = -5°C
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