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STRESS MEASUREMENTS IN ICE 

Gordon F.N. Cox and Jerome B. Johnson 

INTROOucnON 

Reliable, inexpensive itt stress measurements are needed to solve. variety of ice related prob· 
lems. These include: measuring and monitoring ice load. on marine and hydraulic structures; 

determining the magnitude of ice forces associated with ice drift, ride-up. pile-up and pressure 
ridgt: formation; measuring therrnaJ ice preS$ures in reservoirs; and asseuing the effects of ice con­
vergence on the performance of large icebreakers and tankers. 

Researchers have obtained estimates of ice loads on structures by considering the failure strength 
of the ict; however, because of the uncertainty in the large scale mechanical properties of the icc 
sheet, these estimates may be too conservative. In silu measurements of stress in Ice are needed to 

accurately determine iet loads on structures. 
In this report we lirst review the problems of measuring ice stress, together with the fmdings 

and accomplishments of other investigators who have worked on the development of ice stress 

sensors. We then present theory and laboratory test results for a stiff steel cylindrical sensor de­
signed to measure ice stresses in a biaxial stress field. 

PREVIOUS WORK 

Stre. measurements 
The generaJ prOblems of measuring stresses in ice and other materials have been adequately 

addressed by Metae el al. (1975). Stress in Iny materiaJ cannot be measured directJy. It mwt be 
determined by measuring the straul deformation of the materia.] o r by measuring the strain ofan 
elastic inclusion embedded in the medium . In materials that deform elasticaUy and where the clastic 
modulus is known, the Slress can be calculated given the materia.] deformation and elastic modulus. 

However, m malerials such as ice, which exhibit time-dependent deformation and wide variations 

in the elastic modulus, an imbedded inclusion must be used to meuure the stress where the stress­

strain relationship and the inclusion factor of the sensor are known . The inclusion factor is de-

fmed 1$ the ratio of the undisturbed ice pressure 10 the pressure felt by the sensor. It should be 
noted thlt the elastic modulus of ice can vary over one order of magnitude, from 0.7 10 10 GPa, 
depending on the ice saJinity, temperature, grain size, crystal orientation and strain or loading 
rate (Traetleberg et al. 1975 , Vaudrey 1977, and Schwarz and Weeki 1977). 



If the elastic modulus of the inclusion or strtss sensor is different than that of the surrounding 
ice, the sensor will change the local s(reu field in the ice. A sensor that is stiffer than the ice will 
support some ~f the load that would otherwise be supported by the surrounding ice. It will con­
centrate !.he stress. Jr It is softer than the ice it wiU deflect easily, reqwring the surrounding ice to 
support more of the load. In additioo to the relativt stiffness between the sensor and the ice, the 
inclusion faclor of the $enSOf depends on the mcluuon geometry and direction of the applied stress 
in the ice. Hence. precise knowledge of the sluin in the sensor, the stress-strain relationship of the 
sensor material and the inelusion faetor are needed to obtain the stress in the iee. The main problem 
is to determine the inclusion factor and 10 design the sensor in such a way that it remains nearly 
constant, even if the Ice properties change. In the design of ice stress sensors, variations in ice . 
modulus can be dealt with by either selection of a thin, wide sensor (Metge et al. 1975. Templeton 
1979) or a stnsor that is much stiffer than the ice (Nelson et al. 1977, Johnson and Cox. 1980). 

Other potential problems in measuring ice stress, cited in part by Metge et aI. (1975) and elab­
orated by Templeton (19'79), include the effecll of nonelastic behavior, differential. thermal ex.­
pansion between the ice and the gauge, and overloading of the surrounding ice. Two examples of 
nonelastic behavior include Ice creep and localized plastic yielding around the sensor. Creep tends 
to reduce the elastic modulus of the ice and to increase its variability. Localized plastic yielding 
around the sensor may produce deformation in the sensor that remains even after the applied or 
far·Held Slress is removed. Differential thermal expansion between the ice and sensor takes place 
whenever the system temperature changes. This may result in anomalous stress readings entirely 
caused by the different thermal expansion characteristiCl between the ice and gauge. lfthe sensor 
produces a high slress concentration in the surrounding ice, overloading of the ice may result in 
localized fallure of the iee around the sensor and further SUellS me:!IS\uement errors. Templeton 
(1979) suggeitS that aU the5e problems can be minimized by the choice of a thin, wide $tnsor hav­
ing a modulus close to th31 of iee, Johnson and Cox (1980) also demonstrated that tJlesc problems 
are not apparent for stiff cylindrical sensors. 

Desip considerations 
In Ught of the previous discussion and recommendations by Templeton (1979). the foUowing 

are important design considerations for an ice stress sensor: 
I. The sensor mould not be affected by variations in the ice elastic modulus and by nonelastic 

behavior of the ice. 
2. The sensor should have a low temperature sensitivity and not be significantly affected by 

differential thennal ex.pansion. 
3. The sensor should not greatly overload the ice . 
4. The sensor should be appropriately sized and be rugged and leakproof. 
S. The tensor should be inexpensive, easDy installed and monitored, and have a stable, repeat­

able response. 
Numerous attempts have been made to design such a sensor. They are described below. 

Stress RQJOtS 

Ice slrw senson: havt been developed by ~ Resource, Canada (fonnerly Imperial Oil Umiltd l 

10L). the Univtlsity of Alaska. Exxon Production Research (EPR), the National Research Council 
of Canada (NRC) and Oceanographic Services Inc. (OSI) In cooperation with IRAD Gage. Hawkes 
(I969b) also used a photoelastic stressmeler to measure stresses in frozen sands and Baumann 
(I979) used earth pressure cells to measwe ItleSSCI in river ioe. These sensors vary widely in geom­
etry and modulus. 

The IOLsenlOr described by Metge et aI. (1975) is a thin, wide, soft sensor having an effective 
elastic modulus JellS than thai of ice. It consisu of a double sandwich of aJuminum plates and 
elastomeric material that deforms under applied stress. The amount of deformation is determined 



by measurement of the change in capacitance between the melal plates. The gauge is 0,79 em 
thick, 122 em wide and is designed to extend through the fWl thickne. oran ice sheet. The 
puSe has been widely used by taL to measure the ice stress around man·made nu islands in Mac· 
Kenzie Bay . 

The University of Alaska gauge is described by Nelson et aI . (1977) . It consisu of a 2.54<m· 
diameter aluminllm cylinder thai is 7.62 em long, with. S.OS-cm·ioog by 1.27-cm-diameler reo 
duotd section , Four strain gauges. paraUel and pt.rpe.ndicular to the axis of the cyUnder. are con· 
nected in II bridge to read tension or compression in the har and provide lemperatwe compensa· 
tion. The alumillum cylinde! OIS inside a copper tube and has I 27-cm-diameter ste~el bolli on 
each end to grip the ice. The copper lube is sealed to the aluminum bar with silicone rubber and 
the entire assembly is coated wilh silicone rubber. 80th aluminum and brass have been used to 
construct the gauge. The dimensions of the gauge. have also been stightly modified in various field 
measurement programs. 

The University of AJaska gaugl' is frozen loto the ice horizontaUy and stresses are measured at 
tile ends of the cylinder. It is a uniaxial device. in Ulat it can only accurately measure ice stress 
when oriented parallel to a uniax.ial stress field. In such an orientation the gauge has an avtrage 
Inclusion faclor of I :3.2. Other tests have shown the sensor 10 have a transverse sensitivity of up 
to 25% of the appUed load . We should point 00.1 thai because the off·uis loading characteristics 
of the gaup have not yet been fuUy evaluated, measurements in biaxial streSi fields only provide 
sn indication of the su.te of stress, not values of the magnitude and direction of the principal 
stresses. In uniaxW stress fields. when the gauge is oriented at some angle to the applied stress, 

the results also have 10 be carefully interpreted , Nevertheless, the gauge has been successfully 
usrd to help Wlderstand the general magnitude of the stresses in ice around man·made and natural 
structures (Seckinger and Nelson 1979a. b, Nelson and Sackinger 1976). 

The EPR ice pressure sensor consists of a thin, Wide panel iliat extends through the full tttick· 
neu of the Ice sheet (Templeton 1979). It is 1.1 1 em thick and about 45 em wide. Aluminum 
sensors With main gauges are used to measure ice pressW"e5 normal to the panel. Constructed 
Sl"fIsors havt exl)t'bited an effecUve elastic modulus of up to 1.84 CPa, close to that of sea ice. 

Numerous analytical studies have been performed to detC':rmine Ole inclusion factor, LtanSVCnC 

sensitiVity and differential thermal expansjon characteristics of the EPR prclSure sensor ~ Chen 
(1981 a) shows that the. average inclusion factor of the gauge is close to I :1. Chen's elastic finite 
element analyses also show that the gauge produces a maximum stress concentration factor of 1.5 
In Ihe Ice ntar the p:1nel's edge. Other Hnile element analyses performed by Chen (1981b). using 
ar1 elastic-plastic Ice model. lowcate that the sensor has a very low transverse sensitivity. Trans· 
verse pressures up to 1.66 MPa result in maximum anomalous pressure 011 the sensing face of omy 
0.17 MPa. He found uaIt$verse pre$lure effects to be greatest at small transverse pressures. 

In addition to these studies, Templeton (1981) conducted an ewto-static aoa!Ym to determine 
Ibe gauge's sensitivity 10 differential thermal expansion between the ice and gauge. His results show 
that errors from d.ifferential thermal cxp;lllsion are independent of the sensor's elastic modulus and 
can be minimized by choosing a thin. wide senSOI. He conclude, that eITOn due to transvtrse 
p!elSures and differential thermal expansion lotal less than 10% of the measurement, 

Oten (I 98J8) and Olen and Templeton. (1983) also presenllOme resulls of field verification 
tests. on the EPR Ice pressure sensor. In these tests Ihe sensor was frozen into large sea i,e blocks 
measuring 3 by 6 m by the full thickness of the iu 5heet. The bJow were loaded u.ling two 0.45· 
MN-capacity hydnullccylinden. The test results showed that the measured slress was within 15% 
of the nominal anticipated response. for all appUed ice pressures greater than 0,69 MPa. At pres· 
swes less than 0.69 MPa , the actual respaniC- of the ga~ was mllch less than predicted. No field 
tests have been made to verify Ille analytical studies of the sensor's transverse sensitiv:ity. 

Earth pressure cells have also been used to monitor stresses in ice. Baumann (1979) used Terra· 
Technology earth pressure cells to measure ice stresses in the 51. Marys River, MichIgan. The cells 
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consil! of two sealed 2(). by 30· by l -cm steel plates filled with hydraulic fluid which, in tum, is 
pressurized by CO2 gas, Pressures are monitored with a gas reguJator. The sensors have a sensi· 
tivity of 690 Pa and an o~rating range of a to 1.36 MPa. Baumann calibrated the cells in the 
laboratory ; however, he does not give details of the calibration procedure. ~ no attempt was 
made fo determine the transverse sensitivity of the ce.l1s in ice, measurements of stress need to be 
catefuUy interpreted, as with the University or Alaska gauge. 

'The NRC gauge iI a thin·walled aJuminum lube having an outside diameter of 5.0 em, a waJl 
thickness of 0.3 em and a length of 10.0 em. Three sinin gauges are eircumferentially bonded to 
the inside of the tube at 1200 intervals to measure the tube deformation W1det stress. The stresses 
on the tube are calculated from the circumferential suains, assuming that the ice behaves as a lin­
ear dutie materiaJ (Frederking 1980). 

The tube material and dimensions are chosen to minimize the stress and strain distdbutions in 

the surrounding ice associated with the pre5en~ of the sensor. The displacements of the outer 
diameter of the tube approx.imate those of a saUd ice cylinder of the same size. In effect, the 
puge has an inclugon factor close to 1: I . 

Both laboratory and field tests of the NRC gauge show thot 3 tubUlar transducer can success­
fuJly be used to determine the principal stress direction . This agrees with the theory presented 
by Frederking. In calibration tesU where the elastic moduJus of the ice was known, the measured 
principal stresses were within 20% of the applied stress. In the field , poorer agreement was ob· 
tained, howe~, this was in part due to the uncertainty in the applied stress field. 

C:tlcuJations presented later "in this report ahow that the inclusion factor of a cylindrical inclu­
sion, hannl! an effective modulus close to that orice, Is very sensilive to small changes in the ice 
moduhu. If the ice creep$, resulting in a luge decrease in the effective Ice modulus, significant 
errors can be expected with this type of sensor. 

The OSI sensor described by Johnson and COJ( (1980) is similar to the NRC gauge in that it 
also is a cylindrical inclusion . The sensor has an outer diameter of2 .86 cm, a wall thickness of 
0.79 cm and a length of 57.0 cm. The ends of the gauge are fitted with rOW1ded end caps. Rela­
tive to the NRC gauge, thls sensor is much stiffer, having an effective elastic modulus much greater 
than that of ice. 

The ice stress is determined by monitoring the radla.! deformation of the cylinder with a vibrato 
Ing wire (Hawkes and Bailey 1973)_ Savin's (1961) stress~efomlation relations for cylindrical 
elastic inclusions in elastic and viscoelastic materials are used to ca1culate the applied stresses 
from the radial deformation of the gauge. lluee sensors, oriented 45" to one another, are used 
in the field to measure the magnitude and direction of the princi pal stresses in the Ice sheet. 

The gauge response was evaluated in the laboratory by freeZing the sensor into a block of icc 
and applying a known unlaxialload. Measured stresses were generally within tO'% of the applied 
streu for loads up to 2.1 MPa and Ic~ blockstrains less than 0.25%. In long-teem creep tests wher~ 

block strains of 4% were obtained, measured SlreS5es were within 2<m of the appUed stress . The 
gauge response was not significantly affected by variations in the Ice modulus, creep and differ· 
~ntiaJ thermal expansion between the ice and gauge . The sensor also had a low temperature sen· 

sitivity. 
Hawkes (I 969b) used a rigid photoelastie stressmeter to measure stresses in blocks of frozen 

sand . The Ilreumeter consiSlcd of a 3.8t-cm.l,ong glass cylinder having an outside diameter of 
3.18 cm and a waU thiekness of [.27 em. In ws technique sUesses are detennined from isochro· 
matic fringe patterns when the sensor is viewed betwe~n Classed polarizen. As these meters had 
been successfuUy used in rock and concrete under elastic loads. the objective of Hawkes' experi­
ment was to evaluate the response of the sensor in matena.!, tulderijoing creep defonnation. In 
his tests the sensor was inserted into blocks of frozen sand under constant load. Measured stresses 
were found to be within 10% of the applied slress up 10 block strains of S%-. Stiff cyundrical 
sensors have also been tested in nonlinear viscoebstic materials under both uniaxial and biaxial 
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loads (Hawkes 1969b. Skilton 197 1. Buswell ot a!. 1975). Measured stresses were within 2 to 10% 

of the applied stress for both mort·term and long-term loading. 

In summary. previous investigations have shown that there arc two suitable stress sensor designs 

fo r measuring stresses in ice : a stiff cylindrical sensor having an effective modulus much greater 

than ice, and a thin, wide sensor, preferably having an effective modulus close to that of ice. 

BIAXIAL ICE STRESS SENSOR 

The remainder of this report deals with the testing and evaluation of a stiff cylindrical sensor, 

described by Johnson and Cox (1982), that is used to measure icc stresses in a biaxial stress field. 

It is an extension o f the work on uniaxial cylindrical sensors conducted by Johnson and Cox 

(1980). During the preparation of thjs report we learned that in 1975, Ivor Hawkes of IRAD Gage 

suggested to Sun Oil that a stiff cylindrical sensor, equipped with three vibrating wires, could be 

used to measure the principal stresses in the plane of an ice sheet (Hawkes 1975). As Sun Oil did 

not pursue Hawkes' suggestion, the development and testing of such a sensor was not carried out 

until this study. 
The sensor considered in this investigation consists of a stiff cylinder made of steel (Fig. I and 

2). It is 20.3 cm long, 5.7 em in diameter and it has a waU thickness of 1.6 em. The ends of the 

sensor are threaded such that a roooded end cap can be attached to the lower end of the sensor. 

Extension rods can also be screwed to the top of the sensor to position the sensing portion of the 

gauge at any desired depth in the ice sheet. 
Principal ice stresses normal to the axis of the gauge are detennined by measuring the radia1 

deformation of the cylinder wall in truee directions. This is accomplished by use of vibrating wire 

technology advanced by IRAD Gage (Hawkes and Bailey 1973). Three tensioned wires ue set 

1200 from each other across the cylinder diameter (Fig. 2). The diametral deformation of the 

gauge in these three directions is determined by plucking each wire with a magnet/coil assembly 

Figure J. Biaxial ice stress sensor. 
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Figure 2. Schematic 0/ biaxial ice stress sensor. 

and measuring the resonant frequency of the Vibrating wires. A thermistor is also placed inside 

the cylinder to measure the gauge temperature. Both ends of the sensor are sealed to protect the 

wires and electronics from moisture. The sensor was fabricated by fRAD Gage in Lebanon, N.H . 
This design offers several advantages. TIle sensor is rugged and leakproof and it can be easily 

installed In the ice using conventional ice augering equipment. As the sensor output is in terms 

of frequency . it is not affected by leakage to ground . poor contaeu and long lead lengths. The 

sensor is also inexpensive ($1700 for the prototype, including labor and materials). 

BIAXIAL STRESS SENSOR THEORY 

The measurement of stressts in an ice sheet with an imbedded sensor requires precise knowl· 
edge of the strain in the sensor, the stress-strain relationship of the sensor material and the sen· 
sor's inclusion factor under different loading conditions . Fortunately, we know the modulus of 
the biaxial steel sensor and we can precisely determine the gauge deformation using vibrating 
wire technology. Analytical solutions are also available that describe the behavior of a cylindrical 
inclusion in a plate under loading. 

Since we are generally interested in compressive stresses in an ice sheet, compressive displace· 
ments and stresses are taken to be positive in this report as is often done in rock mechanics. 
Principal stresses are designated by p and q. The major principal stress, p, is the larger compres­
sive stress, such that p > q. All angles are measured clockwise from the p direction. 

c.uae ddormation 
The diametral deformation of the gauge is determined by measuring the resonant frequency of 

each of the three vibrating wires. The fundamental frequency of each wire is proportional to the 
strain in the wire and is related to the wire strain by (Halliday and Resnick 1970) 

t= .L 2i" 
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where 
f- natural frequency of the wire (s-I) 

f.v = wire length (5.08 x 10-2 m) 
e IE wire strain 

Ew '"' wire modulus (207 GPa) 
Pw '" wire density (7.83 x 103 kg/ro3 ). 

Equation I may also be expressed as 

(2) 

and 10 is the initial wire frequency. Since the radial deformation of the cylinder, Vr• at ly,/2 is 

equal to 

we have 

v =­, 2.. kl!(J') 2 . (3) 

Hence, the radial deformation of the cylinder can be expressed in terms of the change in frequency 
of the vibrating wires. 

For our gauge and vibrating wire meter, we can measure radial displacements as small as 5.0 x 
10-3 JLITI (2.0 X 10-7 in.). This corresponds to. sensor resolution of about 20 kPa (3Ibf/in.2 ) 

when it is embedded in ice. For the improved vibrating wire meters now under development. the 
gauge resolution will be increased tenfold. Despite the stiffness of the gauge, it is still very sensi· 

tive to loading. 

Stre!lelatlOclated with cylindrical sensors 
The stress-dcformation relationship for cylindrical elastic inclusions in elastic and viscoelastic 

materials has been examined both analytica11y and experimentally. Savin (1961), Berry and Fair­
hurst (1966), Williams (1973) and others have developed analytical solutions for elastic materials. 
Experimental tests have verified that the analytical solutions accurately describe the stress distri­
bution in an elastic plate (Suzuki 1969, Wilson 1961). The analytical solutions also describe the 
deformation of cylindrical elastic inclusions in viscoelastic and other time..<fependent materials 
in uniaxial and biaxial loading experiments (Hawkes 1969a, b, SldIton 1971, WUliams 1973, Bus­
well et al. 1975, Johnson and Cox 1980). 

The stress and displaC(ment equations used in this investigation to describe the behavior of 
the biaxial stress sensor and surrounding ice are based on the work of Savin (1961). Savin (1961) 
developed a set of analytical equations to describe the behavior of an elastic ring welded in an 
elastic plate. Even though ice has time-dependent properties, the analytical results of Berry and 
Fairhurst and the experimental work of Hawkes, Skilton, and Buswell indicate that Savin's 
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frozen ;nlo ice. 

equations can be used in our application. Because the gauge is significantly stiffer than the ice, 
its response should not be affected by variations or changes in the ice modulus. 

Cenerally, we are interested in measuring in-plane stresses In the icc sheet. Consider a cylindri­
cal sensor that is frozen into an infinite isotropic ice sheet (Fig. 3). The sensor is oriented nonnal 

to the plane of the ice sheet, which is subjected to in-plane principal stressesp and q . The sensor 

has an outer radius Rl and an inner radius R I ' The stress (a,. 0, and T,S) and displacement (Vr 
and V,) equations for the sensor (R I 0;;; r c;; R1) in polar coordinates are 

(er) ~ c, Rl) «1!.:9)(C, Rl 3 R;) o .. 1 - - - + - - 2el - - - C" - 00526 
r 2 2,222,12". 

~ C, 
C +­, 2 

Rl) ~n_n)'(C, 'l 3 - -~--6C ---C 
122 JR 24 , , 

C., R~ 3 Rj) - - -c - - -C - sin29 
2 1,1 24,A 

R, Rl) + C1 (X.+I) - +C4 - cos 20 , " 

R') ".1 cos28 

(4) 

(5) 

(6) 

, 
+ C, R, 

(7) 

, R1 R~) 
R
- -Cl (XI-I) - +C4 - sin20. 

1 ',l 
(8) 

The stress and displacement equations for the ice sheet (, )0 R1) are 

~n+n) ~ c, Rl) r;-?) ~ Rl 3 Rl) o=~ 1-- - + 1-2C ---C-
'2 2,1 2 8,'22 9 ,A 

cos 20 (9) 

(10) 
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V· , 

cos 28 

sin 28. 

(II) 

(12) 

(13) 

The coefficients C. through C9 depend on the sensor geometry and the materiaJ properties of the 
sensor and ice where 

(n' - I) C , ' n 

(14) 

(15) 

(16) 

(17) 

(18) 

(19) 

C.,=2 (I;Xj
) [(~ -I) (4_3n1)+n6 ~+x, ::~n2 (20) 

Ca:a2_2(l~XJ) [G: _1) (3n6_6n4+4n2_1)+n6(n2_1)~+X.~~ (21) 

C9 ""-2+2 
(I. X,) 

D 

In the above equations 

R, 
n= -R, 

~:: _ ~ (4n6_7"4 +4nl_l)+n4 (n4 -I) ~ +X. ~~ 
(22) 
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for plane stress 

x = (3 - 4 ... ) for plane strain 

D = (XI + :) n' [(: - I) (3n' - 6n' +4) + n' 0 + x, :~ 

+ (x, ~ -x~K~ -~ +n' ~ +x, :~ (23) 

E is Young's modulus and II is Poisson's ratio where the subscripts sand i denote the material 
properties of the sensor and Ice respectively . 6 is the angle measured clockwise from the princi­
pal stress direction p. 

Before we use these equations to compute the ice stress from the radial deformation of the 
pUF, it is instructive to examine the general behavior of the puge and ice under different load· 
ing conditions. Since the gauge is bonded to the ice, the radial stresses In the puge and ice are 
equa.l at the ice..puge boundary. Equations 4 or 9 can therefore be used to evaluate the gauge 
response to variations in the Ice modulw. In Figure 4 the normalized radial stress 0, at the ice­
pu. boundary parallel to the uniaxial loading direction p is ploued apinst the ice..puge modulus 
ratio, EIIE •. In performing this calculation, we assume plane streJI and 

r - Rz 

and 
v, -11 •• 033. 

It is apparent from Figure 4 that in situations where the gauge i. significantly stirrer than the ice, 
the puge response is not appreciably afrected by variations in the Ice modulus. The ratio o,lp 
remains constant at a value of 1.5. This corresponds to an inclusion factor of 0.67 . For the biaxial 
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ice stress sensor that has a modwus of about 200 CPa, there is a slight variation in the inclusion 

faclor for ice moduli ranging from 0 .7 to JO CPa. However, this can be partially compensated 

for by selecting an iet modulus appropriate for the type or lee in which the sensor is installed. 

It should also be noted that creep of the ice reduces the effective ice-..puge modulus ratio and 

results in only small changes in the indusion faclor . 

Frederking (1980) designed a much softer cylindrical ioe stress sensor having an "eITective" 

modulus close to that of icc. Even though this design minimizes overloading of the surrounding 
loe, the sensor response is greatly affected by variations in the lee modulus and creep because it 

Is relatively soft. Frederking obtained poor results in sensor verification tests where the ice mod­

ulus was not known. 

In addition to variations in the icc modulus, we are also concerned about overloading the sur· 

roundinl ice when we design ice slress sensors. Filures S through 7 give the stress field in the 

ice lurroWiding the biaxial ice stress sensor for both Wliaml and blaxiaJloading conditions. In 
preparing these plots, we assumed plane stress and chose the Ice moduJus to be 3.0 GPa . 
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Figure 7. Normolized radial, tangential and shttu stress distribu­
tion in the ice at the ice-gauge boundary under uniaxial and 
biDxialloods. 

Examination of these plots reveals the possible shortcomings of using stiff cylindrical strtss sen· 
sors in ice. Radial , tangential and shear stresses in the Ice can be Increased by 50% due to the 
presence of the scnsor. This can lead to premature failure o f the ice around the gauge and errone' 
ous stress measurements. bt addition, if the bond between the PUF and the Ice breaks during 
localized icc fallure, the abo...e equations are no longer .ppUcable since the '''Welded'' boundary 
condition would be violated . Controlled labontory tests are needed to establish the operational 
limits of the cylindrical stress sensor. 

Oelennination or ice .treaes 
The magnitude and direction of the principtl stresses in the ice are determined from the 

meuured radial deformation of the sensor in three directions. In the biaxial stress sensor the 
meuurernent directions are 1200 apart and from eq 7 we have for the dispLacemenu of the three 
wires 

v.. • A (p +q) + B(P -q) cos2S 1 I 

12 

(24) 



where 

v, - A (p +q) + 8(p - q) cos 281 , 
V,l = A (p +q) + 8(p - q) cos 283 

A-
R, [C, (X, -I) 

R, R,] - + c -8,., R1 S Rc 

R, [C, (X, -3) R' R, 
8' 

, 
+ C, 8", R' R, , 

.nd 

(25) 

(26) 

(27) 

R R~] + C1 (X, + I) ....! + C R • R' , , 
(28) 

(29) 

(30) 

In the above equations, 8 1 is the angle measured clockwise from prindpal stress direction p to the 
measurement direction V,I; 2Rc is the average length of the vibrating wires determined from a 
gauge calibration test. Ideally, A and B should be calculated for each wire; however, all three 
wires are essentially the same length. All remaining variables have been previously deflJled. 

Solving for p. q and 8, we obtain 

p.! [.!.. 1(2V -V -V)' 
2 [38 ~ 'I r2 ' ) 

+3(V _ V ,,)" 
'2 rl' 

q' [.!.. 3A 
(V, + V, + V, ) _ J 

1 2 3 'J 
ond 

8, -
1 [V" -A(p +q)] 
- C05- 1 
2 8(p-q) 

because 

cos (8)· cos (-8). 

Equation 33 has two solutions. If 

Vr - A(p+q)+B(p-q)cos2(8, +60°) , 
then 81 is positive . If 

v, - A(p+q)+8(p-q)cos2(8, + 120j , 
then 0 I is negative. 

13 

(31) 

(32) 

(33) 
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The coefficients.A. and B depend upon the geometry and mechanical properties of the sensor 
and the mechanical properties of the surrounding icc. It is deslIabic to design a cylindrlcal.ensor 

such that A and Bare nOI greatly affected by variations In the Ice mechanical properties. For the 
biaxial tee stress sensor, Re was found to be equaJ to 2.387 :!: O.QI S em. A and B for the biaxial 
Ice stress !Cnso, are plotted against Young's modulus of ice for different Poisson's ratios in Figures 
8 and 9 respectively. In the elutic modulus Tange for ice , A and B show little change with £, . 
However, A and B ean change significantly with change in II, Poisson', ratio. Since relatively little 
is known about Poisson's ratio for ice (Schwarz and Weeks 1977), we assumed a value 0(033 in 
this Investigation. In the event the ice deforms plastically with 1/- O.S,A and B wouJd then be 
in error by about I S%>. For uniaxial and biaxial (q/p::t I) lo.dina conditions, this would result in 

measured Ice stresses th.t are about 1 S% too high. 

c.. caI~ntion 
The bia.xia1 ice atress sensor is not cahbrated In ice. It is calibrated in • hydraulic pressure cell 

(Fia. 10) to determine the initial frequency and the effective lenath, 2Rc ' of etch vibratina wire . 
The puae is lIdially loaded and the measured deformation of the puge is complred to the radial 
deformation of a thick·wall cylinder. The radial defonnation of a thick-wall cylinder under ex­
ternal pressure at a radiw Re is given by 

V - R~ p ~(l - ". ) Rc + RR',. (1 + II.>] 
• E (Rl_Rl) 

• , I 

(34) 

where Rl and RI ate the outer and inner radii of the cylinder, p is the radial hydraulic pressure, 
and E, and ". are Young's modulus and Poisson', rttio of the ICnlOr material. Rc corresponda 
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Figure 10. Hydraulic pU$SUTe cell wed to CQIi})rate the biDxillJ Ice ,"en JenJOr. 

to the effective radius of the vibrating wire and from eq 2 and 3 we have 

16R! Pw 
V, - - E 6(f'). 

w 
(35) 

From the calibration test we also have the calibration coefficient .te, which is determined by the 

least squares method from the test data 

k _ -L. 
, 6(f') 

Combining eq 34 , 35 and 36 and noting that 

we obtain 

(
k .' (I-V») R. (J6p ) +Rl c"l • + 

e w c Rl _Rl , , 
R~ R~ kc (I + IIJ 

R~ -R~ 
• O. 

(36) 

(37) 

After determining the effective wire radius, Rc' by trial and error, we can then use eq 35 to accu· 
rately obtain the radial deformation of the PUF ghen the chan. in vibration frequency of each 

wire. The avera. Re value for aU three wires is also used in eq 27 and 28 to ca1culate A and 8. 

EVALUATION OF THE BIAXIAL ICE STRESS SENSOR 

We conducted cootroUed laboratory testJ to evaluate the bIaxial ice stress sensor . The tesu 
were first conducted to determine the temperature sensitivity of the gaugt. The sensor was then 
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froun inlO large ice bloch and placed in a biaxiallOldina machloe 10 study the response of the 
sensor under differen I loading conditions. We also examined the effects of differential thennal 

expansion between the sensor and surrounding ice, and lo ng·term sensor drifl. 

Tempenlurt sensitivity 
We determined the temperature sensitivity of the gauge by placing the sensor in a glycol bath 

inside an environmental chamber. 10e temperature of the chamber and bath were varied and sen­
sor readings wert taken :101 different temperatures. The results fOr each of the three vibrating wires 

in the gauge are presented in Figure II. 
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717 

'" 
-; - '" • • · , • • ..-,,-~ 114 ---• fa"" 

1t3 

'" • • . 2 
• . 

• 

'" " 0 '20 0 20 

Figuu I I. VQrilltion o/wirt period with I~mperilturt 
for each of the three wires I'll the bloxlallct strtlS sensor. 

BilxiaJloadina tesl equipment 
We evaluated the response of the sensor to ice stress by freezing the sensor Into large ice b locks 

and placing the blocks in a hydraulic biaxial loading machine. 
The large Ice blocks used in these tests were 61 by 61 cm square and 18 cm thick . We chose 

the length and width of the block to accommodate the entire area of influence of the sensor, about 
len diameters (Fig. Sa). The blocks were grown in a cold room using the freezing chamber shown 
in Figures 12 and 13. The freezing chamber consisted of a lucile box and cold plate surrounded 
by foam insulation . To grow an ice block, the box was first fdled with either fresh or saline water. 
An aluminum cold plate was then placed in the top of the box and connected to a glycol constant· 

temperature bath. The sides of the box and cold plate were then covered with insulation and glycol 

was pumped through the coldplate . The coldroom was maintained at about oOe to minimize any 

growth or melting on the sides of the ice block . Additional details on using this technique to grow 

ice can be found in Weeks and Cox (1974), 
This method of ice growth produces columnar ice whJch Is very similar to that found in natura] 

ice sheets. The grain size of the crystals in the fresh water and wine Ice blocks varied betwetn 
0.5 and 2.0 cm. The fresh water blocks had both horizontal and verticaJ c·axis crYstals, while the 

saline ice blocks had predominantly horizontal c-axls crystals. The c-axis of the crystals did not 

show any preferred alignment in the horizontal plane . A vertical thin section from a fresh water 

Ice block is shown in Figure 14. The saline ice blocks had an average salinity of about S 0/00. 
16 



Figure J 2. Freezing chDmber used to grow jet blocks [0' 'he streu semor verifiCQ+ 
lion tOil. 

-

Ffsure J J. Oose-up of freezing chamber showm, aluminum coldpJate lind ice block. 
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Figure 14. VutlCtlI thin section from fresh WQur ice block 
(!cole .in em). 

The sensor was frozen into an ice block by drilling a hole through the block, supporting the 
sensor In the hole, and Olling the annulus between the sensor and lee with fresh ice water. The 
center of the block was flrSt found and then a 6.4-cm-diameler hole was drilled through the block 
with a small auaer and electric dril1. An extension rod was tben attached to the top of the sensor 
and the lensor was supported in the hole with the frame shown in Figure IS. A rubber gasket was 
next placed around the bottom of the sensor to close off the annulus between the sensor and ice. 
After the puet was in place , ice waler was poured into the annulus to freeze the sensor in place. 
The ice block and sensor temperatures were about _10°C. The next day the support frame and 
extension rod were removed and the ice block was positioned in the loading machine. After 24 
hOUri, the ice water had frozen and the Stnsor and loe block temperatures were apin at _10°C. 
Thermalurains in the sensor and ice had abo relued by that time. 

The biaxiallOiding machine used in the stress sensor V1:rification tests is shown in Figures 16 
and 17. The machine consisted of two O.4-MN-c:apaclty hydraulic rams supported by two inde­
pendent l.beam frames. The inside J1J1l and frame roUed on cuters (FI&. 16) to minimize shear 
stresses on the block during biaxial loading IS well as to compensate (or any lack of planar Iquare· 
ness o( the ice blocks. The platens consisted o( aluminum blocks covered with sheets of Teflon 
(Fig. 17). They were only 58 em wide to allow (or about 3 em o( block deformation during a test. 
lfthe platen. were the same width II the ice block (61 cm), the corners of the platens would come 
into contact during bi.axi:alloading. The platens were also (ree to rotate in the V1:rtica1 plane to 
cornpeflNtc for any lack of end squareness of the ice blocks. 

We Ipplled loads to the ice blocks using the ram. and I hydraullc band pump. We used conUol 
valves to direct the hydraulic fluid to one or both rams and I hydraulic dial gauge to measure the 

18 



Figure J 5. Support /nzme used 10 posilicm the Stnsor in the hole while it was frozen 
in the i~ block. 

Figure 16. BiaxizlloGding ~chlnt used in Itress .enIQT IIerl/iCfltion test!. 
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Figure J 7. Ice block and sensor in biaxiol'oading machine. 

Figure J 8. Equipment used to measure block strains during testing. 
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load. The entire loading system was calibrated with a load cell prior to any teslin,. Applied uni­
pial stresses on the ice blocks had an accuracy of about 20 th. 

In a few tests, block strains were measured with Direct Current Distance Trusducen (OCDTs). 
The DCDTs were attached to the platens IS shown in Figure 18. This equipment was not IV3ilable 

for all of the tests. 

Billlial ~adinllut result. 

We conducted sensor verificatioo tests In both fresh water and saline ice under uniaxial and bi­
axial loading conditions. A long-term loading test was also performed to evaluate the effects of 
ice creep on the sensor response. All tests were made at _lOoC. 

Equations 31 through 33 were used to calcuJate the magnitude and direction of the principal 
stresses in the ice from the radial deformation of the gauge. The coefficients A and B were cal· 
culated to be equal to l.l S2x 10- 1 ) and 4.739x 10- 1 ) mJ/N respectively . They were determined 
from eq 27 and 28, assuming aD ice modulus of 0.69 CPa, an ice Poluon's ratio of 0.33 and an 

effective sensor wire radius, Re , of2.387x 10-2 m. The effective wire radius was determined from 

the previously described gauge calibration test. We assumed a low value of the ice modulus, in that 
we expected loading rates on the bivtialloading machine to be relatively small. 

Four ice blockJ were used in the loading lesU. Blocks I and 2 were fresh water ice and blocks 
3 and 4 were saline icc. The relative position of the sensor to the loading directions in each of the 

ioe blocks is shown in Figure 19. In Figure 19, a A' aD and., A B are the applied stresses on the ice 
block and p and q are the measured principal stresses. We chose the principal stress, P. to be the 

maximum compressive principal stress. The angle 6 is measured clockwise from p to the direction 
of wire I in the sensor. In blocks 3 and 4 we chose wire 1 in the sensor to be parallel to the a A or 
A loading direction. 

'\ a" T,. 
a" 
_TA' 

w~ 
~ No. ' 

~I 1- ~I 1-
- " ./ ",,' 

1--

T\ T 
BIOtt No. 1 81oc_ No. 2 

a" a" 
_T,t.' _T". 

LI f I- Ll r I-

T T 
Sioct No. 3 81oe. No . • 

Figure /9. Position a/sensor reltJtilie to the loading directionJ for 
tilch of the loUT ice blocks 'ntM. 
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The loading system was designed to minimize the development of shear stresses on the ice block 
faces. However, the ice stress readings indicate that small shear stresses (up to 60 kPa) were present 
on the block faces during the biaxial loading tests . As the applied shear stresses could not be inde· 

pendently measured, it was not possible to compare the applied shear stresses to those measured 
by the ice stress sensor. In determining the ice stress measurement error, we therefore assumed 

that the applied shear stresses were zero. 
The first ice block used to test the sensor was made from fresh water. The sensor was frozen 

into the block with wire I in the sensor oriented 300 clockwise from the A loading direction (Fig. 
19). In this first test, the platens were fixed and not free to rotate to compensate for the lack of 
end squareness . A small load was therefore placed on the block in the A direction to cause the ice 
to creep and come into good contact with the platens. After about 0 .24% strain . this wiU achieved 
and the block was loaded in the A direction in 0 .24 MPa increments. The test results are given in 
Table I and plotted in Figure 20. At the conclusion of the test the block was highly fractured and 

we discarded it. 
The second ice block was also made of fresh water ice. The sensor was frozen into the block 

with wire I in the senIOr oriented 50 counterclockwise from the A loading direction (Fig. 19). 

Wheelbearing grease WaJ also applied to the platen surfaces to further reduce any shear stresses on 

the sides of the block. We used Ws block to examine the sensor response under both uniaxial and 
biaxial loads (oA "" °0) as wen as to changes in direction of the applied stress. Since the platens 
were still not free to rOlate, a biaxial load was first applied to the ice to cause the ice to creep and 
come into good contact with the platens. Once reasonable contact was obtained, the ice was loaded 

equally in the A and B directions, then only in the B direction and fmally in the A direction. The 
results are given in Table 2 and plotted in Figure 21. Since small shear stresses can be present on 

the block loading faces when biaxially loaded. measured loads 0A' 08 and .,. A8 were derived from 
p,q and 8 using Mohr circle theory. 
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Figure 20. Metlnuro stress vmtu applied 
sl7esJ and block strain for block J. 



Table 1. Comparison o( applird and measured IhUI data (or block I . 

Ape!.wnn# M~aaIrd ""_ ~ M_Im .. ", 

"m, 'A 's , • • • ,-
(mlflJ (,.,PaJ IMPaJ (MPa) IMPa) (d~trH') (OJ (MPa) (OJ 

0 0 0 0 0 0 0 0 0 

• 0" 0 0.23 0.01 " 0 .24 0.01 • , 0 .41 0 0.$4 -4.01 " 0 .17 0 .06 " • 0 .71 0 0.81 -4.01 " 0 .31 0.08 " 10 0 .97 0 1.12 -0.02 " 0 .3$ 0 .1$ 16 

" 1.11 0 1.37 -0.01 " 0 .38 0 .16 " .. 1.4$ 0 1.63 0 " 0 .43 0 .19 " " 1.69 0 "14 0.01 " 0 .51 0 .1$ • 
" 1.93 0 '.00 0,0) " 0 .... 0.07 • 
1S 0 0 0 .... 0.01 10 0 .41 0 ." -

Tabk 2. Comparison or applied and rntaSUIU strs data ror block 2. 

Applkd nn. "'....,.. .... M_Im .. m 

TIm, 'A 's , q • 'A 's 'AS -(milt) IMh, IMPaJ (MP.) IMP", (d~') (MPa) (MPa) (Mh) (MPa) 1") 

0 0 0 0 0 0 0 0 0 0 -, 0 .2 3 O.ll 0.14 03' 56 0.23 0 .23 ...... 0.01 0 

• 0 .46 0 .46 0 .$0 0 .41 .. 0.48 0 .49 ...... 0.03 • 
• 0 .69 0 .69 0.74 0.70 11 0.70 0 .74 0 0 ... • 
" 0 0 0.02 M. .. 0.01 0.01 0 0 .01 -

" 0 0 0.01 0 .. 0 0.01 0 0 .01 -

" 0 0.23 0 .25 -4.03 " -0.03 0 .1$ 0 0.03 " 19 0 0.46 0 .$0 -4.05 14 -4.0$ 0 .50 -0.01 0.0$ 10 

" 0 0 .69 0 ."71 -4.09 14 -4.09 0 ."71 -0.01 0.09 " .. 0 0 0.01 0.01 .. 0.01 0 .01 0 0.01 -., 0 .13 0 0 .26 -0.01 -, 0 .26 -0.01 -0.01 0.03 " .. 0 .46 0 0.$4 -0.03 ... 0.54 -0.03 0 0.08 16 

SO 0.69 0 0.79 -0.06 -I 0.79 -0.06 0 .03 0.10 " 
00 • , "0 

0.' I 
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Fpe 21. Measured versus applied stress in the A and B directions /01' block 2. 
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o.n 0.1' -0.01 
0 .46 0 .41 0 
0.26 0.21 ..0.02 
0 .46 0.44 -0.0 1 

0 .12 0 .10 ..0.01 
0 .46 0 .46 0 
0.15 0 .14 0 
0 .46 0 .46 -0.0 1 
0 .18 0.29 ..0.0 1 
0 .46 0.4' 0 .0 1 

o.n 0.3' 0 .01 
0.46 0 .47 0 .01 
0 .19 0 .40 0 .0 1 
0.46 0 .49 0 .02 
0.14 0.1' 0 .0) 
0 .46 0.4 ' 0 .01 
0 .46 0.... 0 .03 

o 0.05 ..0.0) 

o 0.0 1 ..0.05 
o 0.0 1 ..0.02 
o ..0.01 -0.01 
o 0.0 1 ..0.0) 

0 .46 0.4' -0.01 
O.lI 0.29 ..o .OJ 
0 .46 0 .4' ..0 .0) 
0 .19 0 . " ..o .OJ 
0 .46 0 .41 -0.03 
0 .2' 0 .26 -o.Ol 
0 .46 0 .45 -0.0 1 
0 .29 o.n -0.03 
0 .46 0.44 -0.02 

O.ll 0." ..0.02 
0 .46 0 •• ) -0.0 1 

0.l7 o.n ..0.01 
o _O.OJ -0.0) 

o -0.0 I -0.0) 
o ..0.01 _0 .01 

O.ll O. JO ..o .OJ 

0.46 0 .• ' ..0 .01 
D... 0.61 ..o .OJ 
0 .91 0 .90 ..o.OJ 
1.1 4 1.05 ..o.ol 

I. l1 1.4' 0 .01 
1.59 I.,. 0..25 

1.'2 2.01 0 .11 
o 0.01 0 
o -0.0 1 -0 .0) 
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The third ice block was made of saline Ice. The sensor was frozen into the block with wire I in 

the sensor oriented paraUeJ to the A loading direction (Fig. 19). Whetlbearing grease was not 
applied to the platen surfaces as we regarded it as being too meuy. However, the platens were 
modified and now were free. to rOlate and compensate for lack of end squareness. We used block 
3 to examlne the effects of ice creep on the sensor. At the end of the crctp test, the block was 
uniaxiaUy loaded until It could no longer sustain the load. The test results are given in Table 3 

and plotted in Figure 22. Due to ice creep, a constant load could not be maintained on the ice 
block; therefore the load was adjusted to its lnltial value each lime a stress reading was taken . 
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Figure 22. MetJsured versus applfaJ streD for block 1. 
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The rourth and last ice block was also made o r saJine ice. The sensor was rrozen into the block 

with wire 1 in the sensor o riented panilel to the A lo adinl directio n . We used block 4 to evaluate 

the response o f the sensor under biaxial loads where the applied load. 0A and 08 were not equal. 

Such tests are dirficult in that Lateral strain. cause the ice to bow out in the minor loading direc­

tion , d egrading the squareness of the block . The tesl results are given in Table 4 and lIe ploUed in 
Fi,ure 23. Again, measured stresses in the lo ading directions are compared to the applied stresses 

as sman shear stresses de~lop on the platens durin, biaxial loading. 

Table 4 . Comperison of applied aDd meaured dreII data for block 4 . 

Applkcl nna 
TIm. 

(mitt) 
II'A 11'8 

(Mh) (MPG) 

0.00 0 
0.03 0 
0.11 0 
0.11 0 
0 .30 0.23 

0 ."1 0.23 
O..!ll 0.23 
0 .51 0.23 
0 .67 0.23 
0.&0 0.23 
0.81 0.13 
0.91 0.13 
1.03 0."1 
1.11 0."1 
1.11 0."1 
1.31 0 .71 
1.43 0.11 
1. .. 1 0.11 
1.63 0.11 
1.61 0.11 
1.15 0.71 

I .al 0.9" 
1 .00 0 .94 
2.03 
1 .11 

o 
o 

1.25 OA. 

1." 0 .... 
1."5 0.41 
1.51 OAI 
1 .55 0.94 
1 .11 0.94 
1.'" 0 
2.81 0 
2.95 0 
3.00 0.41 
3.11 0 .4' 
3021 0.94 
3.1' 0.94 
3.33 0.94 
, ,41 0 
3.51 0 

o 
0.13 .. " 
03' 
O~, 

0.13 
0 .13 
0.13 

0." 
0.41 

0." 
0.41 

0." GA. 
0.41 
0.41 
0.41 
0.11 
0.11 
0.94 
0,94 
0.94 
0.94 

o 
o 

0 .48 

0 .48 

0.94 
0.94 
0.94 
0,94 

o 
o 
o 

0.48 
0.48 
0.48 
0.48 
0.41 

o 
o 

Mt uurtd Itn'IJ 

p 

(MPG) 

q • 

(Ml'tI.) (dqJ'ff'J 

o 0 
0.13 0.05 
0.14 0 ,04 
0.15 0.03 
0,19 0.14 
0. 19 0 . 16 
0.19 0.16 
0.10 0.11 
0.45 0,16 
0,41 0,15 
0,41 0.16 
0,41 0.t6 
0 .49 0.40 
0.48 0.40 
0.50 0.41 
0 .14 0 .42 
0,13 0.43 
0,71 0,63 
0.13 0.64 
0.94 0 .68 
0.94 0,68 

1.01 0.91 
1.01 0 .90 
0,01 
0.01 

0.01 
0.01 

0,4. 0.39 
0.50 0.41 
0.99 0.45 
0.91 0 ,41 
0.98 O,to 

0.99 0.90 
0.03 0.01 
0.01 0.01 
0.01 0.01 
0 .41 0 .:11 
0,50 0.41 
1.01 0,41 
1,04 0.41 
0.01 0 .41 
0.03 0.01 
0.01 0,01 

o 
-90 ... 
-U .. 
50 .. .. 
IS .. 
" OJ .. .. 
" 7 

7 

" 30 

" " " 30 
o 
o 

" " ... ... 
30 

" , 
o 
o 

" ,. , , , , 
o 
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"S 
(MhJ 

'AS 
(Mh) 

o 0 0 0 
0.05 0.23 0 0.05 
0.04 0,14 0.01 0,04 
0.03 0.25 0.01 0.03 
0.14 0.11 ~,OJ 0,09 
0.11 0.11 ~.Ol 0.06 
0.17 0 .11 ~.Ol 0.06 
0.19 0.19 -0.01 0.05 
0. 16 0.45 -0.03 0.01 
0,15 0.... ~.03 0.01 
0.17 0.46 -0.03 0.01 
0.11 0.41 ..0,05 0.07 
0.43 0.46 -0.04 0.03 
0."3 0..... ~.03 0.04 
0 .46 0 ,46 ~,03 0.03 
0.14 OA3 ~.04 0 .05 
0.71 0..... ..0.04 0.03 
0,70 0.64 ~.04 0.07 
0.71 0,66 ..0,04 0.05 
0,61 0.93 ..0.05 0,03 
0.61 0.94 ~.05 0,03 
0,91 0.94 -0,05 0,03 
0.91 0,93 -0,04 0.03 
0,01 
0.01 

0.01 
0.01 

~.04 0.01 
o 0.01 

0.41 0.40 ..(1,03 0 .08 
0.41 0.42 -0.03 0.06 
0 •• 6 0.91 -0.06 0.03 
0."1 0 .97 -0.06 0.1n 
0.96 0 .91 -0.03 0 .1n 
0.91 0 .91 ..(1.03 0.03 
0.03 0.01 -0.01 0 .03 
0.02 0.01 0 0.02 
0.02 0.01 0 0 ,1n 
0.46 0."0 -0.04 0.01 
0."9 0.41 -0.03 0.06 
1.0J 0.41 -0.03 0.01 
1.04 0 .• ' -0.03 0.10 
1.01 0 .• ' ..0.03 0 ,06 
0.03 0.01 0 0.03 
0.02 0.01 0 0.01 
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Figure 2J. Metlsur«l ~sus applied mess [01' block 4. 

Oiffrnntial thft'JM1 expansion 
We also used block 4 to study the effects of differential thermal expansion between the ice and 

gauge . To simulate conditions in the field where the sensor would be covered with an insulated in· 
strument box, the block was insulated on the top and bottom with foam. The temperatures of the 
sensor and block were then varied from _20oe to aOc and back to _lOoe to examine the response 

of the gauge , After the stress measurements were corrected for changes in temperature , the stress 
readings were generally within or equal 10 the resolution of the sensor, 20 kPI . 

lona-cerro drift 
During the course of the evaluation study. sensor readings were obtained It 20

0 e to examine 
the stability of the unloaded gauge_ The period of vibration of each of the three wires in the gauge 

118.10'15 I I I -. 
Wire I 

" 
71. f- -
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• • ~ 

• 71. f- -
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• • • 
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Figure 24, Varlorton of wire period with lime for each of the three 

wires in the biaxial ice stress senMN, 
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is plotted against time in Figure 24. Over a period of about 200 days ",,[res I and 2 showed a slight 
decrease in the wire period, while wire 3 showed a Significant change. 

DiscusUon of test raulu 
The biaxial ice stress sensor has a low temperature sensitivity and the sensor response is not 

affected by differential thermal expansion between the ice and gauge. 
The sensor output appears to vsry linearly with temperature. If the sensor were in iet. the ob· 

served changes in output would correspond to stresses of about 5 kPafc. Relative to the resolu· 
lioo of the gauge (20 kPa), the temperature senSitivity is sman. In many short·term applications 
of the puge. lemperature corrections wOl,l14 not be needed . However, in situations where large 
variations in ice temperature did occur, the sensor output would have to be corrected to obtain the 
highest possible accuracy. 

Melge et aI. (1975) postulated that the response of a steel ice stress sensor would be greatly 
affected by differential therma] expansion between the ice and gauge , However. the results of this 

investigation and those of Johnson and Cox ( 1980) do not .upport this hypothesis, If icc were an 
elastic material, differential thermal expansion would be a problem. Beeause Ice creeps under low 
stress, localized thermal strcsses in the ice around the scnsor rapidly relax and arc unable to build 
up to any significant value . 

The results of the loading tests indicate that the sensor responds immediately to applied loads. 
In general , measured stresses are wilhin 1 S% of the applied stresses fo r both uniaxial and biaxial 
loading. The stnsor response does not appear to be affected by Ice creep and when the applied 
stresses are removed, the measwed stresses faU close to zero. Reliable stress measurements are also 
obtained well beyond yielding or failure or the ice. in addition, the sensor can usually detennine 
the ditection of the applied stresses 10 within So. 

Part of the observed error can be attributed to the resolution of the gauge (20 kPa) and the 
loading system (20 kPa). Combined. they account for about 30 kPa of the observed differences 
In the applied and measured ·slress. These differences are signincant at low stress levels. Errors 
are also introduced by poor seating between the sidtS of the ice block and platens, and shear stresses 
on the block sides during biaxial loading. The block 3 and block 4 resuhs show that stress measure­
ments improve Significantly when the applied stresses afe held eonstant on the block. 

If it were possible to solve the seating and shear stress problenls a590ciated with the loading 
machine , measured stresses wouid probably be within 10% of the appUed stresses. This postulate 
Is supported by the results from block 3 where a uniaxial load was maintained on the ice block. 
After about 3 hours, the block appears to be properly seated and the difference between the applied 
and measured stress is less than or equ.aJ 10 the combined error associated with the resolution of 
the gauge and loading system. Since a biaxial field c~ n be dntrlbed as the superpOSition or two 
normal uniaxial fieldS, the same results Ihould be obstrved in a well~edgned biaxial loading test 
where problems associated with poor seating. bu.lgin& of the Jce block and shear stresses have been 
eliminated. 

Periodic measurements under no load reveal that the sensor exhIbits long·term drift. With time 
the strain in the vibrating wires increases, resulting in a decrease in the wire period . According to 
IRAD Gage. the gauge fabricator, this behavior is caused by outward displacement of the clamps 
holding the wires in the sensor. Work on borehole stressmeters Indicates that the, problem can be 
ellm.inated by heat-treating the sensor after fabrication. Thjs was not done for the prototype sensor. 

CONCWSIONS 

Reliable ice stress measurements can be obtained by measurinl the diametraJ deformation of 
• stiffsteeJ cylinder embedded in the jce. By measuring the deformation of the cylinder in three 
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dltections, we can determine both the magnitude and direction of the principal stresses in the ice. 
Analytical solutions descn'bing the behavior of an elastic ring welded in an elastic plate adequately 
predict the sensor', inclusion factor (stress concentration factor) in ice, despite the fact that ice is 

• time-dependent material. Since the sensor Is considerably stirrer than the ice, its deformation is 
not significantly affected by variations in the ice elastic modulus and by nonelastic behavior. It 
is not neussary to calibrate the sensor In ice . 

Our controlled laboratory experiments to evaluate the biaxial ice .tress sensor indicate that the 
sensor hal a low temperature sensitivity (5 kPa(C) and is not significantly affected by differential 
thermal expansion between the ice and the gauge. Loading tests on fresh water and saline ice blocks 
containing an embedded sensor show that the sensor has a resolution of20 kPa and an accwaey uf 
better than 15% under a variety of both uniaxial and biaxial toad conditions. When allowances lie 
made for poor seating of the ice blocks to the loading machine and shear stresses on the platens, 
tell results suggest thai the senIOr accuracy may be better than I ~ of the applied stress. Principal 

stress directions can be resolved to within about 5°. 
The cylindrical sensor does not gready overload the ice and can accurately meuure ice stresses 

well beyond ice yielding or failure. The maximum stress riser produced by Ute presence of the 
sensor in the ice is about 1.5. 

The sensor is also rugged. leak-proof. and can be easily i05talled in an ice sheet with conventional 
augering equipment. 
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