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MECHANICAL PROPERTIES OF
MULTI-YEAR SEA ICE
TESTING TECHNIQUES

M. Mellor, G.F.N. Cox and H. Bosworth

INTRODUCTION salinity and is highly variable in composition and
structure. Salinity typically ranges from 0.5 to

The CRREL study "Mechanical Properties of 2. 0 o00o. Bulk density is in the range 0.860 to 0.915
Multi-Year Sea Ice" involved a collaboration be- Mg/m 3 , and porosity is in tile range 15 to 700/00.
tween industry and government that is unusual in The main bulk of the multi-year ice consists of
the U.S. The intent was to avoid wasteful duplica. rafted and pressured accumulations of what was
tion and disputes in the generation of basic arctic once first-year sheet ice, which has been subject to
design data by conducting careful tests in an ira- melting and refreezing, brine drainage, and melt-
partial government research laboratory with water infiltration. Tile multi-year ice samples also
financrl support from a group of oil companies contain ice formed from snow, from accumulations
and government regulatory agencies. of frazil, and from melt ponds. Pores contain both

The CRREL research group sought to employ brine and air; near the upper surfaces of the pressure
testing techniques that would stand up to critical ridges the pores can be very large- I cm or more in
professional scrutiny, avoiding use of some older diameter. Grain sizes range from less than 1 mm
flawed procedures. The contract could not provide for snow ice and frazil ice to about 15 mm for colum-
for unlimited development work on testing tech- nar ice and meltwater ice.
niques. and thus most tests were run with equip-
ment and procedures that fall short of the ideal. Required dimensions for test specimens
However, the methods used are believed to be fully In materials such as rock, concrete and ice the
adequate for studying the highly variable and effective strength tends to decrease as the stressed
strongly inhomogeneous multi-year ridge ice samples volume of material increases, since tlhe probability
obtained from the field sampling programs. of encountering larger, and therefore more critical,

This report describes the equipment and proce- flaws increases with the stressed volume. It is ob.
dures that were used for acquiring, preparing and viously impractical to test enormous specimens in
testing samples of multi-year sea ice in Phase I of the laboratory, but for granular materials it is genCr-
the project. A detailed account is given in order to ally accepted that test specimens should be large
permit critical evaluation of the test data, and also relative to the grain size so as to give representative
to facilitate future refinements of testing techniques. data for the bulk material. The practical question
The test results from this study are given in a corn- is, How small can a specimen be?
panion report "Mechanical Properties of Multi-Year Hawkes and Mellor (1970) considered the disturb.
Sea Ice, Phase I: Test Results" (Cox et al, 1984). ance of grain stress by proximity to a free surface of

the specimen, and concluded that the minimum linear
dimension of any test specimen should be at least

TEST MATERIAL AND TEST SPECIMENS 10 times the grain size, and preferably 20 times. In
a recent study on ice Jones and Chew (1981) con.

Test material firmed this finding experimentally for uniaxial coot.
The study was directed towards developing an pression tests, recommending that the specimen

understanding of the structure and strength of ice diameter be at least 12 limes the grain size. In this
samples obtained from multi-year pressure ridges in program it was expected that the average grain size
the Beaufort Sea. This material is of relatively low of ice samples might be up to about 10 1mm, so it



was felt thatt the specimen diameter ought to be at The final choice for the nominal dimiensions of'
least 10 elm. The diametel (1f thle drilled core has to test speciincns to be used in compression tests was
be slightly larger than tile finished diameter to allow D =4 in. (1021 mm), L =10 in. (2-54 mmr). It was
for machining~. C'ompared with core sizes for exist- recognized that tension specimens migliit have to be
jog ice drills, this diameter is large, and thtere is not machined to a d um bbell sh ape with the diametcr of
mullch latit ude for going beyond thle minim tim re- thc midsection somewhat less tihan 4 in., but this
quircinen ts. xvas judged to be acceptable.

The required length of' thle specimen 1. is some
multiple of tihe dliameter 1), It is obviously undesir-
able to have I.ID very big, as the specimen would be- ACQUISITION AND PREP~ARATION
comie prune to buckling, and there would be a heavy OF SPECIMENS
demtand for long sections iof tn flawed core. At the
other extreme, LIDf cannot be too snmall because thle Field core sampling
stress field in a cylindrical specimen is inevitably per- If 4 in. was to be thle fin ished diamecter for speci-
turhed in thle vicinity of thle loadiag- platens. Thus, inens, the core diameter had to be slightly greater
the specimen has to be long enotigh to give a mid- than 4 in., the actual core diameter being determined
section that has a stress field close to uniaxial over a by thle design of the coring drill. Since the core bar-
length LID z:I . Many theoretical and experimental rel of1t1heCtdrill was to bc made from sptin fiberglass
studies have shown that LID f'or loading with typical tubing, stock sizes of thlis materia~l determined the
platens should itot be less thtan 2 and probably not internal diameter of the core barrel, which turned
miore than 3. A value LID = 2.5 is widely recognized out to be 4.25 in. (108 mim).
-is a sound choice [see Vlawkes and Mellor (1970) Tile basic coring atuger (Fig. I ) is described brief-
for- a review of relevant studicsf. ly by Cox et al. (1984) and in detail by Rand

I ,7j urc 1 Coring, aiuger used to roltajin j' ce samnplc(,v.
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(in prep.). The chief attributes of the core barrel care was taken to avoid thermal shock. Specimens

are: very light weight;rapid penetration with low were protected by insulated containers during trans-

torque and low thrust-, high core quality and long fer, and they were allowed to equilibrate with the

lengths of unbroken core; and freedom from jamming new environment gradually.
problems. Core was commonly retrieved in unbroken Test material was selected in the storage room by

lengths up to I m with a core diameter of approxi- referring to the field log, and the required section of

mately 4.2 in. (107 mmn), core was carried in its cardboard tube to an ice prep.

The 4.25-in.-diameter coring drill was used main- aration shop where band saws are located (-10°C).
ly for vertical drilling, but it was also used in a hori- A band saw (Sears 112-23770) was used to rough-
zontal mode for boring into vertical ice walls exposed cut cylinders to a length of 27 cm (10.6 in.). The
in excavated pits, or into near.vertical ice walls pro. most satisfactory blade was 0.5 in, wide with 10
duced by the natural splitting of multi-year ice ridges, teeth/in. A speed of 3000 ft/mm was used to cut

As core was extracted, it was loggee'. For each the ice. These cylinders were cut from core sections
section of core the depth of origin was recorded, and that appeared to be free from gross surface flaws,
ice temperature was measured immediately after the During the 1981 drilling program some cores were
core was brought to the surface. The core was then gouged longitudinally by slippage of the core-catcher
sawed into convenient lengths for shipment and final dogs. Most of the core damaged in this way was dis-
sample preparation. Offcuts of ice were used to pro. carded in the field, but gouges caused sorne material
vide salinity specimens. These specimens were melt. to be rejected at the rough-sawing stage. The sawing
ed, and electrical conductivity was measured, to- operation was done in such a way that offcut discs
gether with water temperature, in order to determine were obtained from both ends of each selected cyl.
the ice salinity. Further salinity measurements were inder. These discs were used subsequently for struc-
made in the testing laboratory after completion of tural analyses (Fig. 2).
each mechanical test. Rough-cut cylinders were taken from the saw

Trimmed and logged specimens were packed in- room (-10°C) to the ice machining room (-20°C).
side cardboard tubes, each 1.02 m long and 0.108 m The first step in machining was trimming the ends
diameter inside. The tubes were packed into shipping on the milling machine (Jet JFM-830). The rough-
boxes measuring i.0 9 x0.3 8 x4.38 m inside. Each box cut ice cylinder was laid horizontally in a cylinder
held a maximum of nine tubes, or six tubes when holder, which maintained the axis of the specimen
packed with dry ice and snow. After the ice had parallel to the surface of the table of the milling
been transported to Prudhoe Bay in unheated heli- machine (Fig. 3). The end surfaces of the ice cylind-
copters, dry ice was added to the shipping crates for er were then shaved by a I -in.-dianieter four-flute
the first stage of transport to Hanover, New Hamp- endmill rotating at 1850 rev/min and traversing
shire. The crates were first flown to Anchorage, across the face at 21 in./min (9 min/s). The first
where they were put into temporary storage in a re- pass took off' 0.050 in., while the final three passes
frigerated warehouse until the complete consignment took off 0.005, 0.002 and 0.001 in., respectively.
supply was assembled. The crates were then flown to After milling, the ice cylinder was 10.000 ± 0.003
Boston in a single consignment, and were finally car- in. (254.00 ± 0.08 mm) long, and the end surfaces
ried to Hanover by a refrigerated truck, which met were expected to be normal to the axis of symmetry
the incoming flight. Final storage was in a CRREL to within 10-3 radians (0.060), The surface of each
coldroom maintained at a temperature of -30°C. plane was intended to be flat to within 0.0005 in.
During drilling, logging, handling and shipping, care (0.013 mm). In principle, departure from parallel.
was taken to minimize contamination, brine loss, ism between the end planes could be twice the ang.
mechanical damage, and undue thermal disturbances. ular tolerance for squareness of the ends. i e. up to
Details of the field sampling program are given by 0.002 radians (0.1 11).
Cox et al. (1984). At this stage the specimen diameter was measured

at several cross sections by a vernier caliper, the
Specimen preparation in the laboratory length was measured, and the ice was weighed on a

The various steps in the preparation and testing Mettler balance to a resolution of 0.1 g. This per-
of specimens were carried out at different tempera- mitted the bulk density of the specimen to be calcu.
tures, e.g. storage at -30 0C, sawing at -10°C, machin- lated.
ing at -20 0 C, testing at up to -50C. In transferring The end planes were checked for flatness and
specimens from one ambient temperatture to another, parallelism by standinmg the cylinder on the hase olf

3
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Figure 4. Comparator used for checking the flatness and parallelism of specimen end planes (a) and the parallelism
of bonded end caps (b).

a comparator (Fig. 4a) and traversing a dial inicrom- were protected against contanlination by oils or
eter over the top end plane. The cylinder was invert. other substances that might inhibit bonding. They
ed to check thle other suri'acc. were also cleaned periodically in acetone.

The next stag,,e in preparation involved the bond- During the bonding Process the ice cylinder and
ing of end caps to the ice cylinder. These end caps thle end caps were aligned in a split-cylinder Lucite
were short cylinders, 4.203 in. (106.8 mm) in diam. jig (Fig. 6). Thle jig was 13 in. (330 fim) long, and
eter by 1.00 in. (50.8 min) long (Fig. 5). They thle internal diameter was 4.206 in. (106.8 fim).
Were made from a phenolic resin reinforced by linen T'his gave ai clearancr 0<.003 in. (0.076 mim) be-
fabric (Synthane, bonded Bakelite, Micarta). Thle tween thle end caps and the jig. Thle cleairanice be-
bond f*ace of each end cap was roughened to expose tween thle ice cylinder and the wall ot' the jig was
fine linen fibers, and it was deeply incised by a set slightly greater and( variabic, depending on the dianit-
of concentric groov'.;z. i his type of surface was in- eter of CO,'.' Which at thiS Stage Was1 Still thle diam1leter
tended to provide high surface area and a strong produced hy the field coring drill.
bond with thle ice- the machining technique for pro. Prior to thk tic onding Operation th10 in cised Slit-
ducing the Surface is described in Appendix A,* I'kices of' the end caps were Soaked in a bath of ice
Fach end cap was also drilled axially from the other water ini a room at 00 17, To start tile opleration thle
(sniontli) end, and the hole was tapp~ed Wilih a I in .x 14 aiignmen t ljig Was placed vertically Wilit o"me cap set
threaded steel rod. penet~ratinig to a depth of at least if) the lo)wer Old of' thte COMitMer, the wetCL t ~d icsed
1.5 in. (38.1 im). During nantihfictini ing and suIbse- sil 1lace ktcintg tip. A layer ot' ice watei wzt\ then
(Itient handling. the incisedl surfaces of the end caips splead over tOe ineised Surface Willh a svliige to a

thilcktness ofwnpiroximintely 0,12'I' in. ý3,0 mm).10 The
I srlht-r tevekyrlpru1t% aire iii prge- voilttitie of ,Watel wmi 'st:111idldired hw the svrittge.
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All ()I this io(.k place at an arirhient tcemperat urc of' taken apart, and thc specim cn was removed. The
0' C. Tile cold ice cylinde r (-200C)* was thcn process was then repeated lor thle remaining cap and
brought to thle jig anld was inserted quickI ly util it the other end of' thle specimlen. The specimicn withl
Cattle itilo Contact With tIre Cap. F .xcess water tendL- botht caps lIt td was allowed to remain in the room
ced to e~ximl re iiio thle cicaaunce anuntlus. Aftecr li've at I "C I' n IS tminut~es before being relurncd to the
Inriirrre% thle hond was well cstahlishied, tire Jig Was Ilachining roomi.

Tile lrral stiage of, preparation involVedI ShpJinlg
11I1v~her ivt' fItpcnttr:,It' w(!rc. tised fm~ hcinitliii Iernmittt 'I ~ mil~ire 11 cyholdmiCA I s ace. The specimen

0



Figure 7. Turning specimen to finished diameter on lathe.

was returned to -20 0C temperature and mounted in could be used to compensate for any departure from

a lathe (Jet JET-I 236P) by gripping one end cap in parallel. Each specimen was also photographed

a three-Jaw chuck and by centering a 1 in.x 14 thread- against back ligbhiiig to provide a record of gross

ed rod, screwed into the other end cap, against a structure, pores or other inherent characteristics.

live center in the tailstock (Fig. 7). Cutting was done
by a specially made form tool with a radius of 8 in.
(i.e. twice the specimen diameter). The form tool APPLICATION OF FORCES AND DISPLACE.
was set on the tool post with its cutting edge hori- MENTS TO UNIAXIAL SPECIMENS
zontal and at the height of the lathe axis. The tadial
depth of cut was adjusted in increments, starting Compression

with a coarse cut (0.025 in.) and finishing with very In a tr, xial compression test the objective is to

shallow cuts (0.003-0.001 in.). The specimen was create a unraxial state of stress in the test specimen.

rotated at 240 rev/min. With the depth of cut set, and to maintain that stress state over a range of dis-

the form tool was traversed along the length of the placements, or strains.
cylinder at a rate of 4.75 in./min, the traverse termi- The first problem is to create a uniaxial stress

nating at each end when the form tool was almost state by loading a cylinder axially, since there is no

contacting the end cap. In this way a long-radius known way of applying hydrostatic pressure to the

fillet was formed at the transitions from the ice mid-' end planes without some kind of circumferential

section to the end caps. Specimens for compression confinement. The traditional method has involved

tests were turned to a diameter of 4.000-0.003 in. direct contact between flat steel platens and the test

(101.60 mm). Specimens for uniaxial tensile tests specimen. This usually produces radial restraint of

were turned to a dumbbell shape, with a neck diam- the specimen end planes by interfacial friction. The

eter of 3.500-0.003 in. (88.90 mm). The form resulting triaxial stress •tate near the ends of the
tool used on the tensile specimens had a radius of specimen has been defined by many theoretical and
7 in., which was twice the diameter of the finished experimental studies [see Hawkes and Mellor (1970)

neck. for a summary]. There is a further problem if the
Before the specimen was tested, the diameter was surfaces of the specimen and the platens are not per-

remeasured with a dial.type vernier caliper, and the fectly flat. Tiny humps or irregularities create high,

end surfaces of the phenolic caps were checked for but localized, contact stresses, and under conditions

parallelism on the comparator (Fig. 4b). The princi- which favor brittle fracture these contact stresses can

pal axis of tilt was marked so that steel shim stock nucleate and propagate cracks long before the bulk

7



Figure 8. Compliant platens tested in initial stage Figure 9. Effect of large radial strains when using

of proiect. compliant platens.

of the material is ready to fail. It might seem that ment of strength under field conditions where speci.

the problems of radial restraint and contact stresses mens cannot be machined with high precision and

could be solved by placing a layer of soft elastic or where short lengths of core might have to be tested

plastic material between the platen and the specimen, (Haynes and Mellor 1977). The original compliant
but while this deals with contact stresses it simply re- platens for ice consisted of a plug of elastic urethane
verses the direction of radial restraint, producing confined inside a thick-walled aluminum ring. The
radial tensile tractions at the cnd planes. If interface internal diameter of the aluminum ring was slightly
"cushions" are to be used to control contact stresses, greater than the unstrained diameter of the ice speci-
the best compromise seems to be a thin layer of men, the actual annular clearance being designed on
crushable material, such as paper, which compensates the basis of estimated radial strain at failure. The
for very small surface irregularities without providing idea was to produce a pressure distribution clo- to
much relief from radial friction. When radial re- hydrostatic in the urethane while restricting radial
straints are accepted as an unavoidable condition, strains. Extrusion at the annular clearance space was
the specimen is proportioned so that its center sec- limited by a judicious choice of modulus for the
tion (which ought to fail first) is essentially free urethane (less, but not much less, than that of ice).
from the end-effect stress field perturbations. The original compliant platens met their design

There are ways of greatly reducing radial restraint goal, but they were never intended for use in high-
of the specimen end planes in compression. One quality laboratory tests, where they would introduce
way is to use brush platens, such as those employed an undesirable "soft" link in a system intended to be
by Hausler (1981). A brush platen consists of a "stiff." Nevertheless, consideration was given to the
cluster of slender metal columns arranged with close development of improved compliant platens in this
but precise spacing. Each column has a square cross study. The general idea was to reduce the annular
section; so far brush platens have been made in a clearance between the confinirg ring ard the speci.
square shape for application to prismatic specimens. men to zero, and to design a very thin ring that would
One objection to brush platens is that the contact permit the urethane disk to expand radially at the
stresses are necessarily higher than the mean stress, same rate as the ice specimen. Design calculations
and there must be stress concentration at the edges (Appendix B) showed that the required ring was too
of each column (the columns are, in effect, closely thin to be made with in-house facilities, and at the
spaced punches). planned limit of strain for the ice (- 5%) an alumi-

Another way to reduce radial restraint while num ring would have passed its elastic limit. A com-
virtually eliminating contact stresses is to use com- promise was struck by making platens that were 0.75
pliant platens. These were developed for measure- in. (19.1 mm) thick, with a urethane disk 4.0 in.

8



(101.6 mm) in diameter and an aluminum confining fied (special machining grips are not required).

ring whose wall thickness was 0.06 in. (1.6 mm). The 5) Displacement transducers can be mounted

platen surfaces were faced-off in a lathe so that the firmly on the end caps.

confining ring was flush with the urethane surface 6) Precise positioning and attachment on the

(Fig. 8). These platens were not satisfactory. The testing machine is facilitated.

ice expanded more than the platen, and the ice 7) The same basic preparation technique can be

appeared to slip on the urethane. At large axial used for both compression and tension speci-

strains the end of the ice specimen had a greater diam- mens.

eter than the platen, the aluminum ring created stress After the platen problem has been solved, the

concentrations, and the platen acted as a punch, caus- next consideration in a compression test is control

ing failure in the vicinity of the end planes (Fig. 9). of the motions to ensure that there is precise axial

A similar problem arose when ground stainless travel, with no flexure or racking of the specimens.

steel platens were used in direct contact with the ice. In the past, most testing machines had a spherical

These platens had a diameter of 4.125 in. (105 mm), seat that allowed the upper platen to rotate in order

and the ice appeared to slide against the steel. In ice to compensate for lack of parallelism between the

tests at Exxon Production Research, Houston, large. specimen end planes. In many cases, spherical seats

diameter steel platens were used, but circular grooves were designed in such a way that rotation was

were machined in the steel to prevent excessive radial accompanied by lateral movement [see Hawkes and

expansion of the ice.* Mellor (1970) for analysis] , and high-pressure lubri-

Another approach, called platen matching, has cants allowed the seat to rotate, even under high

been tried in the field of rock mechanics. Platens are loads. This is unacceptable, as any transient depar-

turned z) the same diameter as the specimen, and the ture from symmetry in the internal deformation proc.

platen material is selected to give a close match of esses inevitably leads to flexure of the specimen,

radial strains in the specimen and the platen. The re- and hence to premature failure. Another problem

quirement is that Young's modulus E and Poisson's aiises if the ends of the specimen are able to move

ratio v for the platen (subscript p)and specimen relative to each other in horizontal planes, producing

(subscript s) should be related by: racking of the specimen. This type of motion per-
mits the development of unrepresentative slip planes,

1,P /."s or shear planes, in the specimen. Although the frame
v VS and cross members of a high-capacity testing machine

are likely to be very resistant to racking, a long column
For metals that might be suitable as platen materials, of attachments (actuator extension rod, load cell.

Elv might be in the range 2x10 7 to 0xlO'7 lbf/in. 2  specimen connectors) may have very little flexural

(140 to 700 GPa), whereas for typical rocks Ely rigidity.
might be in the range 0.4x 107 to 4x10 7 lbf/in.' For this program no spherical seats were used. The
(30 to 300 GPa). For ice, Ely is likely to be less than specimen was centered precisely on the axis of the
0.Sx.107 lbf/in.2 (35 GPa), so that ordinary metals testing machine actuator by means of a locator pin.

are out of the question for platen matching. How. which protruded from the lower platen. Tile upper
ever, plastics such as Lucite or plexiglass might be platen, which had no spherical seat, was brought just

possibilities, to the point of contact with the top end cap, the con.
It was finally decided that, for this testing program tact was checked with a feeler gauge, and an appropri.

bonded end caps similar to those used by Mellor and ate piece of steel shim stock was inserted to fill any

Cole (1982) offered the best compromise. The end gap. Early validation tests made with dual axial
caps, made of linen-based phenolic resin, are de. displacement transducers showed this procedure to
scribed in the preceding section and Appendix A. lie very important. Without perfect parallelism be-
Bonded end caps appeared t.) offer the following tween the machine platen and tile specimen end cap,

advantages: initial loading forced the end cap to rotate slightly,
I) Interfacial contact stresses are eliminated, giving initial axial strain rates in the specimen that

2) Interface closure during loading does not differed on opposite sides of tile cylinder by as much

occur. as a factor of two.

3) Complete radial restraint is guaranteed, even Because of the way the environmental cabinet

in tests carried to large strains, was mounted in the testing machine, there was a

4) Specimen preparation on the lathe is simpli- long slender colunln (including a load cell) connect.
ing the top platen to t[ie machine crosshcad. This

I'ersor•tl cormunicaflion wfl wih J. i'1opln. column did not have high flexural rigidity. Further.
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more, there was no positive connection between the 4.2 in Dia.--

top platen and the top surface of the upper specimen
end cap. T nhis permitted soime lateral slip if inclined
planes of weakness in dhe specimen favored gross ./ / 2.0Oin.
diagonal shearing during the deformation. Thus,
tie requirement for prevention of lateral platen
translation was not fully met, and a few tests were
affected adversely; the results from these tests were Tm7.0n. Radius

discarded.

rension
Ideally a uniaxial tensile test should be the same

as a uniaxial compressive test with the direction of
displacement and the sign of the stress reversed.
This is possible if dumbbell specimens with bonded
end caps are used for both tests, but direct tension
tests on simple right-circular cylinders are far from
ideal, because strces perturbation near the end
planes causes failure to occur there and not in the
section where stress is uniaxial.

The first probiem in tension testing is how to
attach the ice to the pulling device. A variety of
mechanical grips and bonding systems have been
tried in the past, with varying degrees of success
(Hawkes and Mellor 1972, Schwarz et al. 1981).
The problem was re-examined at CRREL in 1979,/ ",
and the possibility of making tests on simple right- /

circular cylinders was considered. The bonded 7 ',

aluminum caps used by Hawkes and Mellor (1972)
and Haynes (1978) were judged unsuitable because.
differential thermal strains can cause debonding Figure 10. Geometry of tensile specimnen.
when the temperature is varied over wide ranges.
The mechanical grips used by Dykins (1970) are full details of the standardized machining procedure
applicable to dumbbell specimens but not to simple arit given in Appendix A. The use of scarified pheno-
cylinders. In the field of rock mechanics, epoxy ':,- ,' J caps was adopted for both tension and comn-
bonding of simple butt joints has been used with iJ:' .sion tests, but events proved that simple cylin-
some success, and a comparable arrangement was ders did not provide reliable measurements of tensile
sought for ice. To deal with the dual problems of strength.
low bond strength (especially near O°C) and stress Bonded end caps proved to be very convenient
field perturbation, Mellor proposed the use of bond. for final machining of both tensile and compression
ed end caps with bristles of metal, plastic or organic specimens. The standard compression specimen
material projecting into the ice. At that time there actually had a dumbbell shape after trimming with
were no funds to pursue the idea systematically, but a form tool from 4.2 in. to 4.0 in. diameter. The
one of the compromise versions of the idea, involving difference in cross-section area between the end
disks of caipet fabric, was used in a simplified form planes and the central sect.on was only 9% for this
by Currier (1981). Leaving aside the thought of in- specimen. For tensile tests a 9% difference in nomi-
ternal reinforcement of the ice, consideration was nal axial stress was judged to be insufficient to com-
given to increasing bond strength by roughening the pensate for the combined effects of end-plane stress
surfaces of plain end caps. A technique for etching perturbation, differential thermal strain between the
the surface of aluminum, proposed by E.M. Schulson,* ice and the end cap, and possible large flaws near
was apparently unsatisfactory, but scarified surfaces the end planes. Bond strength tests indicated that
on linen-based phenolic resingave a good bond. The dumbbell specimens with a neck diameter of 3.5 in.,
technique is outlined in Schwarz et al. (1981). and i.e. cross-section reduction of 31%, would guarantee

tensile fracture in the central section. The final ge-*Personal communication, Thayer School or I~ngineering,omtyfthteslspimnssowinFgr10
Dartmouth College, Hanover, New Hampshire, ometry of the tensile specimen is shown in Figure 10.
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The choice of a long fillet radius was judged to 20
be important, since the stress concentration factor
(SCF) for the transition zone is controlled by the
fillet geometry. Earlier studies (Hawkes and Mellor 15
1970, 1972) showed that stress concentration at the
transition could be reduced to the 3% level by taking 0
a fillet radiusRF 2z 2D, where D is the specimen 0 J.

neck diameter. Increasing R. provided only slow

improvement (SCF = 1.02 with RF = 8D), but de- T

creasing RF caused significant deterioration (SCF = 0
T 5-

1.05 with R,: = 1.4D). The actual fillet radius was 0
7 in., giving RF 2D for the tension specimens.

During preliminary testing it was found that ten- 171 17!
sile specimens that were bonded to the end caps 0 0.01 0.02 0.03 0.04 0.05

with the sea ice at -20 0 C were likely to break near Squareness Departure (in.)

the interface instead of breaking in the gauge section.
This problem was more or less eliminated when bonds Figure]]. Frequency histogram for departures from
were formed with the sea ice at -1 5°C, but an ice tem- Fgre sq.arequ ecim frde s
perature of -I O1C was finally used for routine bonding. perfect squareness of specimen ends.
It would have been desirable to form the bonds with
the sea ice closer to 0°C, but such high ice tempera-
tures could lead to loss or migration of brine in the
saline ice.

The end caps of the tension specimen were at- in the first 80 specimens tested in compression. rlhe
tached to the testing machine by threaded steel rods modal value for squareness departure is in the 0.002-
screwed into the tapped holes of the phenolic caps. 0.004 in. class interval, and a majority of the samples
The threads were designed to have ample shear (85%) had departures less than 0.010 in. Since sonic
strength to resist the highest tensile forces, assuming specimens failed to meet the selected tolerance for
that the rods were screwed in to a depth of 1.5 in. or squareness, shimming was used to compensate for
more. Although it was considered desirable to pro. lack of parallelism between the faulty end cap and
hibit rotation of the end caps during a test, it seemed the surface of the platen on the testing machine.
necessary to have a connecting link that would have Steel shimstock of the required gauge was placed
enough rotational freedom to compensate for slight over the "low spot" of the end cap, giving a final
imperfections in end-plane parallelism. A special contact between the platen and the cap that was
spherical seat was designed and built, and it was in- close to perfect.
tended to be lubricated with very light mineral oil or To check whether the shimming technique was
kerosene to give some chance of lock-up after initial effective in removing adverse effects of squareness
loid application. Because of time limitations this de- departures, measured uniaxial compressive strength
vice was not built into the system. Instead, a pair of was plotted against the squareness departure of the
universal joints already in use by Currier (1981) were capped specimen. Figure 12 gives the results for
employed. Each of these joints had a pin and ball tests at strain rates of 10-3 and I 0- Is, with a test
arrangement, which gave complete freedom in flex- temperature of-50C. Both plots show considerable
tire and axial rotation, scatter, as is to be expected because of the high vari.

ability in ice type. However, there arc no clear trends,
Squareness imperfections and the linear regression correlation coefficients are

The specimens were machined so that the end 0.19 and 0.08 for 10-1 and 10"'/s tests, respectively.
planes met close tolerances for squareness (10-3 rad, Corresponding values of the correlation coefficient
or 0.004 in. over the diameter). However, the pheno- at the 95% confidence limit are ± 0.35 and ± 0.34,
lic end caps did not necessarily maintain perfect con- giving no reason to believe that the correlation co-
tact or axiality during the bonding process. The efficients are significantly different from zero. On
final values for squareness of the bonded end caps the basis of this information, it appears that shim.
are indicated by the histogram in Figure II, which ing is effective in compensating lor small departures
shows the distribution of departures from squareness from squareness.
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Figure 12. Measured uniaxial compressive strength plotted against squareness
departure for tests at -50C (230F), with strain rates of 0-s/Is and 1 70 Is.

Thus there was a neec for high force capability, high
LOADING DEVICES inherent stiffness, ar~d rapid response from the

closed-loop electroAydraulic system. For this reason
Universal testing machine the machine has a main frame with a rated working

The main loading device for this program was a capacity of 500,000 lbf (2.2 MN), and a main hy-
universal testing machine (Fig. 13). The machine draulic actuator with a quasi-static force capability
was custom built from stock components by MTS of 250,000 Ibf (1.1 MN). The servo valve for the
Inc. to meet design specifications drawn up by main actuator is rated at 90-gal.Imin flow capacity;
CRREL. One of the major original requirements it has a I -kHz frequency response, a 2-3 ms time
was for a machine capable of making closely con- lag behind the command signal, and it can reach a
troiled tests on strong materials (such as rocks) and flow rate of 35 gal./min in 2 ins. The maximum con-
on large specimens (such as frozen gravel specimens), trailed travel speed of the main actuator is 100 in./min

12
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(42 minis). The machine also has a much smaller ac. factory performance and maintenance difficulties.
tuator, which is capable of controlled travel speeds A new supply of cold air was improvised by using
up to 1000 in./min (0.42 m/s) with the high.capacity the CRREL central refrigeration system and a finely
servo valve. The small actuator has a quasi-static controlled heater. A second insulated cabinet was
force capacity of 25,000 lbf (0.11 MN), and it is also built to provide greater interior space, being
usually controlled through a 15 gal./min servo valve. 20.5 in. wide by 39.5 in. high by 35.5 in. deep
The main actuator is mounted in the base of the (521x1003x902 mm). The final system gave tern.
machine, and the small actuator is fitted to a movable peratures that were constant within 0.20 C, with a
cross head. Hydraulic power for the actuators is pro. cycle time of minutes.
vided by an electrically driven pump in an adjacent
soundproof room. Gas actuator for constant load

The universal testing machine can be programmed Although the universal testing machine is capable
to control force or actuator displacement as any of maintaining a constant force over ]or~g time peri-
given function of time. It has integral sensors for ods, it is too complicated and expensive to be used
force and displacement, but the closed-loop system routinely for constant-stress creep tests of long dura-
can also be controlled from external load cells or dis- tion. For constant-load compression tests, two sets
placement transducers. of a simple apparatus were built by CRREL. The

The testing machine is housed at room tempera- device was a larger version of an apparatus used for
ture in an air-conditioned laboratory. The test en. creep tests on 2-in.-diameter ice cylinders by Mellor
vironment is provided by a refrigerated cabinet set and Cole (1982). In the original design the specimen
between the columns of the machine frame, and was centered in a reaction frame and was compressed
supplemental refrigeration is used to cool the mas- axially by an upper platen whose thrust rod was
sive lower platen, which penetrates the cabinet. The guided axially in a precise linear ball bushing. To
original cabinet was a commercially built unit provid- save time a simpler design was used for this project
ing interior space 20 in. wide by 22 in. high by 30 in. (Fig. 14a), but it was not completely satisfactory,
deep (508x559x762 mm). Cold air was supplied and modification to the Mellor and Cole (1982) de-
through ducts from an independent refrigerator, sign (Fig. 14b) is planned. Force was applied by a
which was eventually discarded because of unsatis- gas actuator (Bellofram) with a piston area of 24

Constant-pressure Air
from Regulator

ft - Actuator

Gas Actuator

Removable

Actuator Nlount

i-odn LinearL°°dio _ 1 III KJ Boll

Reaction tpecie

a. Apparatus used for this project. b, Modified appara fits of Mellor and Cole.

FPiure 14. Cons tant-load compression devices,
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Figure 15. Specimen mountedfbr compression under Figure 16. Specimen mounted fbr tension under
constant load. constant load.

in.2 and a maximum working pressure of 145 lbf/in.2  attached to a reaction frame, and tension was applied
The actuator was pressurized from the laboratory by a system of weights and pulleys (Fig. 16). The de-
compressed air supply, using a regulator (Bellofram vice was designed to apply working loads up to about
Type lOB) to maintain constant pressure. Set-point 1000 lbf (about 0.5 kN), using sheaves that multi-
pressure was given by a pressure transducer, and the plied the force of the lead deadweight by an appar-
complete unit was calibrated against an electrical ent factor of six. The pulleys were yacht sheel
resistance strain-gauge load cell. The apparatus is blocks rated for a force o" 2250 lbf (10 kN). A
shown in Figure 15. triple block with a swivel shackle pulled on the top

The constant-load device was kept inside a tern- end cap of the specimen through a short flexible con-
perature control box, which itself was inside a walk- nector (steel cable). The upper pulley was a double
in coldroonm whose tcmperature was regulated with- block with a becket. The weight hanger was connect-
in course limits. The box was fitted with an air circu- ed to the pulleys by halyard line, with two single
lation fan, a light-bulb heater, and a temperature swivel blocks, each on a deck plate, to guide the first
regulator. Set-point temperature was adjusted to turn. These single swivel blocks were joined by a
within 0.5cC of thz desired test temperature by trial bracket to maintain separation and alignment. The
and error, and once the test was established ,nd lower end cap of the test specimen was attached to
stabilized. temperature fluctuations were less than the base of the reaction frame by a short flexible con-
± 0.5.C (typically ± 0.2'C), with a cycle time of nector. Each lead weight was approximately 26 Ib
mlinutes. (I 2 kg). and each was numbered and weighed indi-

vidually. The weight system wvas calibrated by re-
Weight-and-pulley system for placing the specimen with a load cell. This accounted
constant tension for the weight of the lead and the hanger, friction in

For Phase II of the project a simple device for the pulleys, and lack of perfect parallelism in tlte
tensile creep tests was huillt. The test specimen was lines. The calibration (Fig. 1 7) showed that the force
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1000 cylinder was extended and provided with a bushing

to maintain axial stability in the push rod and the
pressure-sealed piston (Fig. 18). A novel feature of

the triaxial apparatus was a special intercylinder that

800- allowed the axial thrust pressure and confining fluid
pressure to maintain the same ratio (03/ol = constant)

- throughout the test. The complete triaxial appara-
tus (Fig. 19a) was mounted inside the environmental

600 cabinet of the universal testing machine (Fig. 19b),
-600- where it was loaded by the main actuator of the ma-

o x4.25 chine. The intercylinder that maintained the ratio

V -provided a fixed value for that ratio. To change the
ratio it was necessary to change the piston area of

400 the intercylinder, either by inserting a sleeve and a
new piston, or by using a completely different inter-
cylinder. Fluid pressure was measured by a pressure
transducer, and external force was measured by a

200 / load cell. The piston seals had very low friction.

000 200 300 Linear
Applied Force (Ibf) Ball Bushings

Figure 17. Calibration for the constant-load

tension device.
"0" Rings STInler-

multiplication was approximately 4.25 instead of 6;.. cylinder

i.e. the friction was about 1.75 times the applied (piston area A)

load. There was a slight tendency for the friction Axial Force pA - Linear Ball Bushings

factor to increase with the total load. Prior to test-
ing, the weight hanger was supported on a screw Fluid Bypass

jack. To start a test the screw jack was lowered
gradually so as to apply stress to the specimen at a
modest rate.

The whole apparatus was housed in a temperature- Pressure

control cabinet, which itself was inside a walk-in cold- Transducer Test

room. Loose snow was placed inside the cabinet to Cylinder
minimize evaporation from the specimen, but this
did not completely overcome the problem. For tests
of long duration it is preferable to use a membrane

or an inert coating on the specimen.

Equipment for triaxial tests
For conventional triaxial compression tests

(01 > 02, o3 '; (2 0 03), a special cell was built to
accept the capped specimens used for the uniaxial Lower Platen
compression tests. The cell itself was an aluminum
cylinder with an internal diameter of 5.5 in. (14.0 cm)
and a designed working pressure limit of 5000 lbf/in.2  Figure 18. Diagram of the triaxial compression test
(35 MPa). In the final version the upper cap of the equipment.

16
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a. Triaxial apparatus. b. Apparatus being loaded into en i'iromnental cahinet.

Figure 19. Pressure cell for conventional triaxial tests, with an
.nitercylinder to provide a constant 01/03 stress ratio.

MEASUREMENT OF FORCE limit of the load cell capacity during some tests. A
AND DISPLACEMENT larger cell will be used for future triaxial tests. The

load cell was calibrated about once a month in ilhe
ForcL CRREL calibration laboratory, using standards that

The integral force-measuring system of the testing are checked periodically by the National Bureau of
machine, which is based on a pressure transducer in Standards.
the hydraulic fluid, was not used as a primary force- For triaxial testing the axial force applied to the
measuring device for normal testing. Instead an elec- system by the machine actuator was nicasured by
trical-resistance strain-gauge load cell (BLH) was at the load cell described ahove. With zero fiiction inl
tached above the upper platen. A cell with a the sliding pressure seals of tile triaxial cell, this
50.000-lbf capacity was selected for the compres- force would equal the axial force on the specimen.
sion tests, in which loads ranged up to 27,000 lbf. With i no fluid pressure in the triaxial cell, friction in
This gave readings well within the acceptable range the seals and guides is negligible, but the systeni has
for the cell (> 10% of capacity) without sacrificing not yet been checked Under pressure. With zero fric-
much stiffness in the load cell element of the general fion in tlhe sliding seals of the intercylinder, fluid
test system. Because of time constraints the same pressure in that cylinder, and in the triaxial cell,
cell was used for the relatively few tensile tests of would be the externally applied axial forcc, as
Phase I, but in subsequent tensile tests a smaller cell measured by the load cell, divided 11 tle p~iston area.
will be usedl. The same cell was also used for triaxial The actual tIhuid )irCSsurCT was nicaStired by ai pressure
tests, ili which the applied axial force went to the traisdticer, and cou•parison of these rladlings with
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calculatwd pressures for both forward and reverse
piston motion showed that seal friction was negligi.
hie for practical purposes,

Displacement
The testing machine has integral displacement

transducers on the actuators, but these do not give
a reliablc measure of axial displacements within the
test specimen itself because of the various connections ,
and interfaces between the machine and the specimen. ' ;
The original intent was to attach demountable dis-
placement transducers to the midsection of the speci-
men, using these to give both the test record of axial
train and the feedback signal to the closed-loop con.

trol system. However, to control the machine and
to maintain a reliable record of displacement up to
large specimen strains (- 5%), it proved necessary to
employ an additional transducer with firm and stable
connections to the bonded end caps of the specimen.

The preferred device for measurement of displace-
ment was the DCDT (direct-current displacement
transducer), since it has high resolution and is not
prone to damage if the specimen shatters. The intent
was to use two transducers on opposite sides of the
specimen, with wiring to give an average displacement
for the two transducers. Measurements were to be Figure 20. First version of the DCDT mounting sys-
made over a gauge length of 5.5 in. (14.0 cm) in the tern for measuring axial strains. Also shown are two

midsection of the compression specimen, where the yoke assemblies used to measure radial strains.

stress field is not much perturbed by end effects.
The brand of DCDT was chosen in response to ad-
vice from a colleague,* who examined the precision,
stability and temperature response of readily avail-
able brands.

In designing the first mounting system for axial
DCDTs (Fig. 20), the aim was to have frames that
were very light, that minimized stresses and stress
concentrations at the attachment points, and that
accommodated large radial strains in the specimens.
Very light aluminum frames held the DCDTs and
their core rods, and each frame was attached to the
ice by four spring-loaded pins. Each pin had a sharp
point to provide slight penetration of the ice surface,
with an adjustable nut limiting the penetration depth.
The spring on each pin had a low modulus and long
travel . For mounting on the specimen, the two
frames were aligned relative to each other by remov.
able rods, and they were positioned on the specimen
with lthe aid of a jig (Fig. 21 ). This attachment sys-
tcm proved unsatisfactory, largely because thL deli-
cate attachments allowed the frames to be disturbed
by normal handling, by the electrical signal wires, by
machine vibrations, or even by forced air circultlion

F'ersri.all c(,mr- muricflati(n wlih 1(.'i. Mairtlri, MaimachutL'te4 Ii.l'(' 21. Jig Used to Position k CDTT 7 antd their
f1t' ift1 ' (if f ' hhll og V. iyt, 'altildge, M ;1%incht I. t, I . sutpport fra lc's oil ice' Slp'e 'it'll,



Figure 22. Second version of the DCDT mounting system.

in the environmental cabinet. It was also found that Before attachment to the specimen the rings were
the core rods of tile DCDTs tended to bind when ir- set to the correct spacing and relative orientation by
regular dcforniation of the ice surface caused relative a pair of removable rods. When tests were run to
motion or rotation between the two franies. The large strains, the clearance between the mounting
DCDT used for the project was especially prone to rings and the ice proved to be insufficient, causing
binding because of the very small clearance between the screws to bite into the ice and finally allowing
the core rod and the transformer (much smaller than contact between the ring and the ice. This problem
the typical clearance of LVDTs). might have been surmounted by using larger rings,

The aluminum frames were discarded, and a dif- but it was decided to try something more predictable.
ferent approach to mounting axial DCDTs was tried. In the finral scheme each DCDT and each push rod
Holders for tile transducers and their core rods were was mounted in a small block of Teflon, which was
cemented to a pair of springy fiberglass rings, which machined to a radius matching that of the unstrained
were cut from thin-wall fiberglass tubing (4.25-in. ice surface (Fig. 23). A pair of DCDT blocks was
internal diameter). Fhach ring was clamped to tile fastened at opposite ends of a diameter by rubber
ice by four Teflon screws (Fig. 22), and it acconinio- bands (large 0-rings), and the matching pair olf push
dated radial expansion of lhe ice by deforming elas- rod blocks was similarly fastened in an appropriate
tically. Unlike the previous arrangement there was position. Positive location of each Teflon block was
no rigid connection between tlie push rods of the assured by a pair of small, sharp pins projecting from
lower rint, arm( ihei core rods ol1 tile i-ailsdtuccrs Ill the block. The concave contact suirface of'each block
the tipper ring. rhe push rods were 0.25-in.-dia•neter was cut by a set of thin. milled radial slots to permit
Lucile rods with their cnd %urf'aces f'aced Off in a sone (lellection of' the Teflon in conformance with
lathe. The core rod of each transduicer rested tinder radial strain of the ice specimen, atnd also to mini-
ik ownr weight onl tlie upper edl of* tlhe Intcife push urIillze heal conduction t'om the DCDT to tlte ice. As
rod. %o there ,'s rio hindini, when the push rod and In tIle previous settill there was no rigid conneclion
tfie fr;atn';dtcer core ceascd to le perlectly aligned. betlweetn the ilinansthicers' core rods atnd the push rods
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of the lower mounts. The Teflon blocks were spaced Figure 24 gives a comparison of strain measure-

correctly and aligned relative to each other by remov- ments made by DCDTs within the gauge length (GL

able rods. strain) and corresponding strain measurements made

The Tetlon-block mounting system was judged to by the extensometer over the full length of tile com-

be sat'sfactorv .or tracking axial strains up to the pression specimen (FS strain). The range of the data

failure point, but it was obvious that no gauges mount- is from about 0.05%, to 0.8U, axial strain. Although

ed on the ice, not even bonded strain gauges, were like- the data have appreciable scatter, there is an appioxi-

ly to give meaningful records at large strains (3-5%). miate 1:1 correlation. There appears to be a tendency

At hese large strains the originally cylindrical speci- for FS strain to be somewhat greater than GL strain,

men niav tend to barrel shaped, the ice surface may which is rather surprising if the interface is. in fact,

become lumpy, surface cracks may form, and irregu- fully bonded.

lar displacements may occur because of specimen in- The original test plan called for measurement of

homogeneity or anisotropy. Some additional instru- radial strain in two orthogonal directions on the cen-

mentation seemed necessary to provide stable control tral cross section of the specimen. The purpose of

signals for the testing machine, and to provide a repre- this was to study the effect of anisotropy on Poisson's

sentative record of axial strains up to 5%. ratio. To measure displacement across a diameter, a

For machine control and wide-range strain measure- DCDT was at tached to a yoke. following a systein

ments, a single displacement transducer measuring be- used earlier on rocks (llawkes and Mellor 1970).

tween the bonded end cap was used. This arrange- Each yoke (Fig. 20 and 2r) was very light in weight,

ment, which had been used successfully in earlier consisting of a U-shkped strip of steel. 'i4 in. by 1,') 6

work on smaller specimens (Mellor and Cole 1982). in. in cross section. The yvoke was attached to the

employed a pair of hooked push rods clamped rigidly ice by a pair of pivot points, which also served as the

to the end caps. together with a strain-gauge extensom- measuring contacts. These points were offset from

eter operating in a tensile sense (Fig. 23a). The exten- the yoke to provide the necessam clearance for use

someter was supplied by the maker of the universal of two yokes at the same cross section. The DCDT

testing machine (MTS) for use with that machine, was attached across the open end of tile yoke, where

During the early part of each test, simultaneous rec- the displacement caused by sample expansion at the

ords were obtained for strain in the specimen midsec- contact pins was magnified by a lever effect. The

tion (from the exlensometer). Comparison of these off-center weight of the DCDT was supported from

records permitted evaluation of end effects, which above by a long rubber band of low moduluss. The

appeared to be very small. At large strains the DCDT yokes were awkward to attach to the specimen.

system ceased to operate reliably, and the only record which already had axial displacement transducers

of axial strain was that from the extensometer, For fitted. After a number of tests it appeared that or-

tension tests the same system was used, but without thogonal measurements of diametral strain were

the hooked reversal rods for the extensometer (Fig. more likely to create confusion than understanding,

23 b). since surface displacements tended to be irregular,
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the specimen. To overcome the general problems of
relative axial motion between the specimen midsec-
tion and any sensor attached to the testing machine,

0.75 in. ID a special floating mount was designed. The first de-
2 125 .Rod, sign used push rods attached to upper and lower

platens, with a pivoted cross-linkage whose center
remained centered between the platens during platen
motion. An improved design used a hydraulic system
to maintain an instrument support platform midway

-2 375 in -between the platens (Fig. 26). This was achieved by
having the total axial displacement of the platens di-

S3vided by a factor of two. Two hydraulic cylinders,
1/4 X 1/16.n Steel-- Tp #6-32 with piston areas differing by a factor of two, were, Tapped Hole -

*2-56 Topped Hole--. - connected to give a platform displacement half that
(for support screws) 0625n. of the platens. This device was not built because it

0 would have delayed the start of testing, but the idea
appears to have nlerit. Other arrangements for the
same purpose are shown in Appendix D.

Figure 25. Details qf original (Mkll. I wkefbr imasur- For triaxial tests the axial displacement was mica-
hig radial strains. sured by an extensometer mounted externally be.

tween the triaxial cell and its piston. Because the
and petrographic analyses showed that most speci- triaxial cell. the piston ral tile specimen end caps
ienCs were inhonmogneous, without any well-defined are relatively stiff, and becalise tile specimnen is bond-
anisotropy in the hori/ottal plane. For this reason it ed securely to its end caps. this arrangetuent gives a
was decided that radial strain would be determined good approximation for the diplaceinenit over the
from measurements of overall circuniifierential strain full 10-in, length of the specimen.* Under confining
at the midsections. Because of this change in plan a pressure the strain ought to be more uniform alone
variant of the DCDT yoke based on a scissor mechan- the length of the specimen than it is in a uniaxial
ism was never tested, although a Lucite prototype state; measurements have shown that the difference
was built, between midsection strain and overall strain is very

The device finally used for measuring circumferei- small, even in the uniaxial case (Fig. 24).
tial strain was basically a standard piece of equipment It was intended that measurements of both axial
from the manufacturer of the universal testing ma- strain and circumferential strain should be made on
chine. It consists of a roller chain wrapped around
the midsection of the specimen, together with an ex-
tensotueter used in tile extension mode. The only
modification required for this project was an extra Test
long chain for tire large specimens, and an extensom- Platform, Seals Specimen
eter with appropriate travel. The device, which did Supported Here '-- 7
not performn very well, is shown tuounted otn a speci- Bushing -
men in Figure 23a.

During the equipment development phase, two Pso \oI D-
other schemes for measuring radial strain were con- P L- _____-, __ _

sidered. One involved the use of a pair (or two pairs)
of proximity sensors, as used by Cole (1978). Alumi- Returr. Spring' - Pi,•on, Dio D2

num-foil targets are bonded to the specimen at oppo-
site ends of a diameter, and the proximity sensors FiAurr 26. hYdraulic deriec fir stupl)prrinu, an in-
are mounted near the targets. Each sensor (Kaman st umentr platfOrm at the level of the sp-ecimente mid-
MUILTI-VIT) has a coil that induces an eddy ::urtert plante.
in the foil target, and changes in the impedance Of
time coil are Measured as the separation of coil and *Recent w h• eetwork has shown t'hat specimlen end caps made-
target changes. The resolution is 10-5 in. One 'm* the from phenolic resin are too soft for triaxiat testing when
objections to this system was that there would he tan- axial displacement is measuretd outside the prcssure cel,"geitial relative nmotion between tile target and tie ex. Aluminum end caps have been suistitutetd. I)LSptace-n ment transducers mltust also he mounted on the speci.

ternzal, mlllitfted senlsor dime to axial odisplacemnent of men to obtain reliable modulus data.



triaxial specimens by means of bonded constantan in analog form on magnetic tape using an FM re-
strain gauges, so a supply of suitable gauges (4-in. corder. For tile tests at relatively high strain rates
gauge length) was obtained. However, these have not (10-3/s) the X-Y plotter and one of the strip chart
yet been used because of time constraints in tile test- recorders (Gould 110) were too slow to provide re-
ing program. liable records, However, one strip chart recorder

In the initial tensile tests under constant strain (Gould 2400 S) had a 50-Hz frequency response and
rate, axial displacement was measured only between gave reliable records, while the tape recorder was able
the specimen end caps by an extensometer. With a to cope with all tests. Analog records from the tapes
perfect bond between the end caps and the specimen, were subsequently digitized by Shell Development
this displacement divided by the total length of a Company in Houston.
dumbbell specimen should give an overall strain that For the constant-load compression tests on the
is smaller than the strain in the necked section. In pneumatic actuator units, displacement was record-
earlier work at CRREL (Hawkes and Mellor 1972) ed as a function of time in digital form on paper tapes.
this problem was resolved by deriving a calibration The recorder used for these tests was unsatisfactory
factor from simplified theoretical calculations and because of noise and drift, and it will be replaced by
from strain-gauge measurements on a dummy speci- a new digital recording system (Hewlett-Packard
men. More exact theoretical factors for both elastic 3421 A). During constant-load tests, actuator pres-
conditions and creep conditions have since been de- sure was monitored by a standard pressure gauge on
rived (Appendix C). For this program the intent was the regulator.
to add DCDTs to the necked section of the specimen In the triaxial tests the fluid pressure transducer
to give direct measurements of strain in the gauge was recorded on the high-speed strip chart recorder
length (Fig. 23b). Comparison of these strains with and on magnetic tape.
overall extensometer readings was expected to pro- The temperature in the environmental cabinet of
vide a calibration factor for the overall apparent the univerSal testing machine was monitored by a
strains. For the last four tensile tests of Phase I this digital bridge, but was not recorded continuously.
procedure was followed, with the surprising result Temperatures in the enclosures for the constanti-load
that gauge-length strains turned out to be slightly tests were recorded in digital form on paper tape.
lower than overall strains. This has not yet been
explained, although it is possible that the bond be-
tween the ice and tile end caps may be tending to LITERATURE CITED
yield.
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APPENDIX A: PHENOLIC-RESIN END CAPS

The phlen(lic.resin end caps are prepared by first machining tie material to the required dinlen-
sions. All surfaces of the end cap are smooth, and the flat surf'aces are square and parallel to
within 0.0005 in. A hole is then drilled and tapped to a depth of I-½. in. in one end of the end
cap to accommodate a I in. x 14 threaded steel rod. The rod provides a relatively stiff connec-
tion between the specimen and the testing machine. The face of the end cap that is bonded to
the ice is then prepared according to the following procedure.
Step 1: The end cap is chucked accurately in the lathe, and the lathe is set up for a spindle speed
of 1 25 rev/min and a feed speed of approximately 4.7 in./min. A special sharp tool with 00 rake,
300 clearance and 15 top angle is set in the tool post with its point parallel to the spindle axis
and its cutting tip adjusted vertically to be on center. The tool is set to give an axial cutting depth
of 0.010 in. at the center of the cap. tile feed is engaged, and the tool makes a spiral traverse
across the face of the cap. This produces a "hairy" surface that is incised to a depth of 0.010 in.
Step 2: The next step is to cut a set of circular grooves into the face, using tile same special tool.
The grooves are spaced 0.100 in. apart, i.e. 200 divisions advance on the perpendicular feed knob
of the lathe. The depth of each groove is 0.050 in. (tile in-line travel of the toolpost is 0,050 in.
from the setting used for the spiral scuffing of Step I ).
Step 3: A wire brush is applied to the face of the cap while it is rotating, so as to remove long
shreds of cut material. However, the fine "hairs" should not be removed, as these help in tile
bonding process. Care should be taken throughout to ensure that the face of the cap is not
touched by oil, oily tools or oily hands.
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APPENDIX B: COMPLIANT PLATENS

To analyze the plug-ring combination of the compliant platen, assume the following proper.

ties:

Aluminum: Eal = lOX 106 lbf/in. 2 , Val =0.33;

Urethane: Eu = 5.5x 10' lbf/in.3, vu = 0.30;

Ice: Ei = 1.23x106 lbf/in. 2 , v, = 0.33.

The aluminum confining ring is assumed to be filled with urethane over its complete length, and

to be pressurized by a radial pressure p. When the plug of urethane is loaded axially by an ice

cylinder of the same diameter, the axial stress in both ice and urethane is oc. Thus the radial

pressure p is

1,u

I= P c 0.43 ac

The radial displacement of the aluminum ring AR is

AR=pR 2 [ Pat
L' al IIt 2 71

where R and t are the radius and wall thickness of the ring, respectively.
The radial strain of the ice in its midplane depends on the loading rate, i.e. on the relative mag-

nitudes of elastic and viscous components of strain. For loading at very high rates the pure elastic

radial strain ere is

AR °cEre =-- - = i~ = 2.68x 1 0- oc .

For this case, equality of radial strain in the ice and the ring is given by

2.68x10-7 0c -0.43 ac R 0.835.
l OX 106 t

With R = 2 in., this gives t = 0.268 in.
For practical purposes it is unrealistic to assume purely elastic strain in the ice. In polycrystal-

line freshwater ice the axial strain at failure is typically on the order of 10-2 with mixed-mode
rupture at strain rates less than 10-4 /s. Since there is some constant-volume flow and some dilata-

tion prior to final failure, we can take vi -• 0.5 for want of a better value. Thus, if the radial strain

is 5x 10-3, the required wall thickness for the aluminum cylinder is

27HECEDING PAGE BLANK-NOT FjL%2D27 -



0.43 ac R

5X 10' = x0 6 .- ,. 0.835

tIR =7.18x 10-6 0c.

With ac f 1000 lbf/in.2 and R = 2 in., t = 0.0144 in. This is about 1/64 in. and probably too
small for the simple machining we propose to employ. The strain in the aluminum is also too high
for comfort in 60-61 T6 aluminum. An "exact" design can be achieved for ice that rails at small
strain, provided that results of pilot tests are available for guidance. However, using a simple elas.
tic ring around a low.modulus plug, it does not seem practical or feasible to have full radial com.
pliance for very high strains. 'raking into account the vell.documented success of a very simple
thick--vall device, we therefore propose to accept a design compromise along the following lines:
a) design the aluminum ring to expand to somewhere near its elastic limit, and b) rely on a small
radial clearance plus the low shear modulus of the urethane to accommodate further expansion of
the ice.

If we use 60-61 T6 aluminum, the elastic limit of strain can be taken as about 3.5x 10-'; this
value could perhaps be doubled using high.strength aircraft alloy (70-75). The lower value gives

0.43 ac R

3.5x0- iOx "- 0.835

tOR = 1.03x10s a c.

With oc = 1000 lbf/in.' and R = 2 in., t = 0.0205 in. This might constitute a very good compro-
mise if special machining can be arranged.

At present the machine shop foreman prefers not to take the wall thickness below 1/16 in.
This would allow the platen to strain to

0.43 ac 2Z• 1x-'0" " .6--- *"0.835 = .14xlO- 6 o.
l~xlO .o625

With ac = 1000 lbf/in. 2 , this is a radial strain of 1.14x 10- 3 . For low-rate tests the radial clearance
has to allow for an additional radial strain of about 4x 10-3, i.e. an annular clearance width of
0.008 in. As a practical matter we need a clearance on the diameter of about 0.004 in., so this
annulus is hardly a matter of great concern.

In the earlier design the urethane plug had a thickness that was 40% of the diameter. For the
new platen we would like to limit the plug thickness so as to minimize the compliance, but at the
same time the plug has to be thick enough to pressurize the aluminum ring effectively, and any
slight bulging into the clearance annulus has to represent only a small fraction of the total volume.
The plugs now on order are to be 0.75 in. thick, i.e. 19% of the diameter.

In these calculations no allowance has been made for differential thermal strain between the
urethane and the aluminum, although we believe that the expansion coefficient for the urethane
exceeds that for aluminum. At a later stage, differential thermal strain can perhaps be utilized to
refine the design.
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APPENDIX C: THEORETICAL FACTOR FOR CONVERTING
OVERALL STRAIN TO GAUGE-LENGTH STRAIN IN DUMBBELL SPECIMENS*

For uniaxial tensile tests on ice and frozen soils it is advisable to use suitably designed dumb-
bell specimens (Fig. C I). To measure stressstrain characteristics, the strain or displacement should
be measured on the neck of the dumbbell, but experimenters sometimes measure axial displace-
ment over the complete specimen length because of difficulties in attaching transducers to the
neck. If strain is approximately elastic, a good estimate of strain in the neck EN can be made from
the overall apparent strain EL, but there is no generally accepted relation for making this estimate.
For example, Hawkes and Mellor (1972) made a rough calculation of the required conversion fac-
tor. and checked it experimentally by strain-gauge measurements on a dummy specimen made from
epoxy resin.

Overall axial displacement AL consists of

2
AlI=ENLN + 2 f erdx (1)

0

where

LN = neck length (Fig. Cl)
2 = fillet length
Er = axial strain where the fillet radius is r
x = axial distance between this section and the end of the neck.

With axial force F on a specimen of neck radius rN and Young's modulus F

EN FI(irrN2E) (2)

1. .. ///
L

7,' , 7, •,, ,', Figure C, Geometfr, of dumhhell spcecien.

*Alko r, 10,11ll'w itl ('pd M-giow. Sciriff- (tPltl 7i'C/1 glo2'. 8(9 ): 75-77 .1 .

29



and

Er ý FI(irrr2,E) . (3)

The approximation in eq 3 arises from the fact that Orr -A 0 in the fillet, but it is good approxima-

tion because 0 rr << Oxx with realistic specimen geometry. If the fillets of the dumbbell are circu-

lar arcs tangential to the neck

r = rN +RF(l-cosO) (4)

in which R F is the fillet radius and 0 is the angle swept by OA as x and r increase from zero and

rN, respectively.
Making substitutions from eq 2. 3, and 4 into eq 1

AL= Omnax cOSO -cosO), 2Rd (5)

S= e4NI + 2 RF fox [I + (RF/rN1I (

The ratio of overall strain EL to strain in the neck EN is

EL lN Y. 2 Omax coso
= - + _2d

eN I , I I +A(I-cos0)1d
r ý!ý+ 2 (IAsnmx+ 2

=-+ Lr L A-Actan- ('2 tan (6)

where L is the overall specimen length and A = RF/rN. If the radius of the specimen end planes
is re

sin0max = Q/RF and cosOmax = (RF--re+rN)/RF. (7)

For the specimen geometry favored at CRREL. A _ 4, LNIrN - 3, "max - 200. L/rN - 6.
From actual values (Fig. C2) the calculated ratio EL/EN is 0.92 for the Hawkes and Mellor (H&M)
specimen, and 0.95 for a larger specimen used in these sea ice studies (the CRREL/Shell specimen).

This calculation is not applicable when there is appreciable inelastic strain because of the strong
nonlinearity of the stress-strain-rate relation. Furthermore transitions from one creep stage to
another may not be synchronous over the whole specimen length. The situation is easy to appreci-
ate by comparing strain rates in the specimen neck and near the fillet ends where r = re. Assuming
a power relation between strain rate ý and stress a such that

e= a(b)'n = a (8)

where a, b and n are constants, then

(•e/bN) = (rN/re)2 n. (9)

Ifn = 3.5, !hen (ýe/jN) = 0.09 for (rN/re) - 0.71 (!l&M specimen) and (je/•N) = 0.39 for (rN/re)
0.88 (CRREL/Shcll specimen).

For more systematic consideration, displacement rate V between the end caps of' a creep spcci-
men can he expressed as
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Figure C2. Numerical 'ahues of eq 11 as a function ofi fior tWo
sets of specimen dimensions. Values of the integral in eq 12 are
also shown.

( max cosO dO )(10)V N+2RF f l+(RFrNXlcosO)])1

so that the ratio of overall strain rate 'L to strain rate in the neck EN is

iL= I L Omax cosO dO
CN ,N+ 2 RF fa lA1cs)E'-N =L 0 11 +A (] -cos0)J 211 I1

"The integral is listed (e.g. Gradshteyn and Ryzhik 1965. p. 148, Mariguchi and Ilitotsumatsu 1956.
p. 190):

S. _ (I +A)sinO (2n-1)A dO
f (2n1)(l+2A)\ [+A(l-cosO)12n-I + f Ii+A(l]COSO]2n-i

+ (2n-2XIl+A) f cosO)dO )1-1 (12)11 +A( I -cosc)1 211

which is too tedious to evaluate. Fortunately some pocket calculators can now do the required
numerical integration directly. Figure C2 shows the values of the integral and the values o" L/EN
for a range of values ofni. Numerical values for the H&M specimen and for the CRREL/Shell speci-
men are used. With n = 3.5 as a representative value for high-stress creep tests, strain measurements
made between the end caps could be in error by 15-201%. depending on the specimen proportions.

In all of this it is assumed that there is perfect bonding between the ice and the end connectors,
and that there are no significant perturbations of strain or strain rate near the interface. These
assumptions may not always be justified. For the H&M specimen, mismatch of thermal strain be-
tween the ice and the aluminum end cap can lead to slip at very low iemperatures (i.e. far from
the bonding temperature). For the CRREL/Shell specimen, stress at the bonded interface is rela-
tively high, and some localized yielding is possible.

To sum up. measurement on the specimen neck is obviously desirable, but if this is not feasible,
a correction factor can be calculated. With perfect bonding, error in the correction factor is a
wecond-order effect, and adjusted strain values should be adequately accurate.
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APPENDIX D: ITEMS DEVELOPED BUT NOT USED IN PHASE I

Tensile ball seat
A spherical seat to compensate for minor imperfections in tensile specimens was built, but be-

cause of delay in fabrication some universal joint couplings were actually used for the tests. The
tensile ball seat is shown in Figures DI and D2.

2<..

OV-

Figure DI. Tensile ball seat.
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4 in. Doa

Tapped Hole

1. 2 in. Dia. Hole-- Threaded RodSI IFi~re D2, Dimensions of tension ball seat.

Self-centering instrument support
As explained earlier, there is a problem in supporting gauges that have to be located at the mid-

plane of a test specimen, since the distance between the midplane and the specimen ends changes
during a test. A number of mechanisms were devised to support measuring equipment at tile same
level as the specimen midplane. Figure 25 shows the preferred device, which uses hydraulic princi-
ples. Figure D3 gives schematics of mechanical linkages that achieve the same end.

Two or More

Linkages Arranged
Around Specimen Specimen

- -Midplone

Platform Supported

Pins With
Precise
Bushings

One or More Linkages TestB e tw een P la tens IS pI c im en
of Testing Machine Ix, ~ eie

Pins With---_.- Mdplone

Platform Supported-
From This Pin

777-7/// //7//

/ / 7,",/ , , ",/ ///,,

Test
Matched Pair of Specimen
High Modulus ,U
S p r i n g s . . . . . .- .. M id p /o n e

SupportedFrom Here

Iigure Dn. Mechanical linkages fbr stUi)ortig ins trimnets at the level
( If th e sp e c imn it ' ll itiidp la n e .
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Caliper for measuring radial strains
To avoid the cILntte' th1t exists whenl a radial strain s'oke I i.20) is used with nmultiple axial

displacenmen t transduneers. a scissors-type caliper was considered. homte D)4 shows a relatively
crude prototypeC made fronm plastic. Sharp pins ont thte opcin jaw engagev the specim~eni, and dis-
Placemennt is meastired at the other entd of the 'scissors- hv a shorti-stroke l)( 'D1). The end caii r'-
ing the DCDT is suppIortled bV aI longV Iube hanI d of'IM los oduilus.

ViIf'II(' 1..Scisstw 'r-(tvj uaIpo Pw pplawtn rata Noil



APPENDIX E: USE OF THE BRAZIL TEST

Justification
To check on the efTects of storing and shipping sea ice specimens, CRRI'L suggested that tile

Brazil test might be used. This requires some explanation, since earlier studies sponsored by
CRREL showed that, while the Brazil test gives a good measure of uniaxial tensile strength for
typical rocks, it does not measure thC umniaxial strength of ice (Mellor and I lawkes 1971 ). If the
Brazil test results are analyzed and interpreted in the conventional way, the "Brazil strength" for
ice is several times smaller than the uniaxial tensile strength.

"The Brazil test is only valid it' the test material is linearly elastic, but this condition can be met
if the test is sufficiently fast. Under elastic conditions, diametral compression of a disk or cylinder
produces a stress field that gives a maximum tensile stress at the center. The magnitude of this
tensile stress is 2P/7dlt, where P/t is the applied force per unit length and d is the specimen diam-
eter. The direction of this (principal) stress is at right angles to the loading direction. towvever.
at the center of the disk or cylinder there is also a compressive principal stress in the loading
direction. The compressive stress has a magnitude of 6P/01'r, i.e. a,/03 = l /o

If t lie test specimen fails in splitting by a crack that initiates at the center, then the test is a
biaxial strength test with ot /I3 = 1/3. For materials that conform to a (;riffith-type failure crite-
rion. with Oc/OT >- 8, a biaxial stress field with a, /o3 = 1/3 is just at the limit olf the conditions
where failure will occur at o, = 0 T7 However, ice is not a Griffith-type material because Oc!OT < 8
at the highest loading rates commonly used in testing. Thus we must expect I]hat failure of ice in
the Btazil test will be influenced by the con,pressive stress component.

The chief justitication for using the Brazil test to check on storage and shipping effects is that
the test is easy and readily reproducible. In this application it is only required to provide a self-
consistent index of strength. It would, of course, be desirable to obtain sometlhing more than an
ill-defined strength index, and therefore we should try to apply the test in such a way that it gives
data for failure in a defined biaxial stress field. This is possible if failure of the disk initiates at the
center of the specimen, but because of the low value of Cci/T for ice, failure may initiate some-
where off-center (Mellor and Hiawkes 1971, pp. 193-195).

No matter how the test data are to be used, it is essential to contiol the contact stresses wvhere
load is applied to the disk (Mellor and Hawkes 1971, pp. 202-209).

Design of jig for Brazil tests
Tile design follows the method outlined by Mellor and Hawkes (1971 , pp. 207-208) using test

data for ice on p. 2 15 to estimate probable failure forces.
For a final contact arc of approxintately 80 against bare ice, 2a/R - 1/7 . With Rs (specimen

radius) of 2.1 in., 2a = 2.1/7 = 0.3 in.
For Poisson's ratio of ice and steel, we take vi = usteel : 0.3. For Young's modulus we take

L'stainless steel , 28x 106 lbf/in. 2 and 'ice : 3 GPa 0.4 3 5x 106 lbf/itQ. (effective value).
On p. 215, Figure 28 gives a high rate value for 2KP/rdlt of approximately 60 lbf/in. 2 Since

K= 1.0

2P S•60 lbf'/in.:

or
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P 60- 60 x nd = 94.25 d.
t 2

For d = 4.2 in.,P/t - 2000 lbf/in. However, Brazil tests on ice do not ineasure the uniaxial tensile
strength directly. Whcn Brazil tests were used by SIPRE in the 1950s, the values of 2P/lTdt were
multiplied by a factor of 6 to get a value that was accepted as tensile strength. The rationale was
that small imperfections represented an infinitely small hole at the center of the specimen, so that the
Brazil test was really a ring with a very small hole. This suggests that Pit might be about 2000/6 =
330 lbf/in., which is a reasonable agreement with the value given by the data of Mellor and hawkes.

Substituting these values into eq 20 on p. 207 gives

Rj = -2.336 in.

i.e. the jaw diameter is 4.67 in. (concave).

Centerline for Stainless
Steel Guide Rod f-Seat for lin. Dia.ISteel BollF, _r

2.375 in. Rod.

"4 in. Dio

Spectmen

Seal for fin. Dia.
Centerline for Stainless Steel Bat I

Steel Guide Rod

S4.75 in. ID

I lin.

-Machined Flat

Figure El. Loading frame for making diatnetral compression tests.
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In going through this design calculation, we deliberately attempted to arrive at a jaw radius
that is greater than the theoretical optimum value. The effective modulus of ice was taken as 3
GPa instead of the Young's modulus value of 9 GPa, and 2a/Rs was taken as 1h instead of the
theoretical optimum value of '/¼. This was done because we ire not dealing with perfectly ma-
chined cylinders, but with "bumpy" core, which may have some minor crushing in the contact
zones. We also propose to use interface cushions (plastic or paper tape). If the jaw radius is too
tight, the jig could grip the specimen and adversely affect conditions in the test section. We have
also rounded up the calculated value to arrive at a final jaw diameter of 4.75 in.

Following considerations set out by Mellor and Hawkes (1971 ,pp. 211-212), the specimen
thickness t has been chosen as t = d/2 - 2.1 in.

Because the jig will be used in the field for testing saline ice, it should be made from stainless
steel. Because of the cost and availability of materiad, the jig will be made fronvround stock (Fig.
E I a) instead of thick plate (Fig. E I b).

The apparatus for loading the jig and for recording data is considered separately.
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