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SUMMARY 	 ffi  

SUMMARY 

This work presents the development of a test system, called  HF!  (Field Instrument 
for Fracture toughness Tests on ice), by which the fracture toughness of ice can be 
measured in the field and the fracture energy can be determined in the laboratory. 

A literature survey of fracture toughness measurements on freshwater ice and sea ice 
is presented. Relationships between the fracture toughness and loading rate, tempera-
ture, grain size and porosity are described. From the survey presented here, it will be 
obvious that fracture of sea ice is a subject which requires far more attention than it 
has received to date. 

H1-1 is composed of two basic components: a field instrument and a data acquisition 
system. In principle, the instrument consists of a hydraulic cushion that is expanded 
by a hand-held electrical drilling machine. Several laboratory tests were performed 
for both calibration and to check the instruments reliability. The data acquisition sys-
tem includes a load cell and a printer and it is solely battery supplied. The total weight 
of 1.11z1 is of the order of only15 kg. The test procedure is sufficiently simple that this 
may be performed by two persons in the field. A complete test, including specimen 
manufacture, takes roughly 40 minutes to perform. 

1-11.1 uses the short rod chevron notched specimen that can be manufactured directly 
from a piece of ice core. The specimens have a diameter of 193 mm and a length of 
307 mm. Fracture toughness is evaluated from the failure load without registration of 
load point displacement or crack length. An analytical model is described where cor-
rections for geometrical imperfections are made and a solution that ensures linear elas-
tic fracture mechanics size requirements for ice specimens is obtained. 1-11-1 applies 
load via a load area on the specimen. This differs from the analytical model in which 
a line load is applied. To apply the existing theory to 1-11.1 , an experimental com-
pliance calibration has been performed. In the tests, three different specimens of Poly-
Propylene were used, and the relative size of the load area was varied. The results ob-
tained show that there is virtually no effect in using a load area instead of a load line. 

Field and laboratory tests were performed on 24 sea ice specimens from the Gulf of 
Bothnia. The results indicate that linear elastic fracture mechanics theory can be ap-
plied to calculate the fracture toughness determined from 1-11-.1 . The fracture energy 
tests showed that the stiffnes of the instrument was sufficiently large to yeild reliable 
results. The fracture energy varied between 0.9-1.3  J  m-2  and the fracture toughness 
between 33-1121cPa m1th. Special attention is directed to the effect of porosity on 
fracture toughness. A tentative relationship between the fracture toughness and the 
porosity, in form of brine volume, is proposed. KQp = 129.1 exp (-0.31 Vb), where 
KQp is the apparent fracture toughness (kPa m1/2) for porous brackwater ice with a 
salinity less than 1 ppt and Vb is the brine volume (ppt). 
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SAMMANFATTNING  

Rapporten beskriver  utvecklingen  av  ett mätinstrument kallat  1-11-.1  (Field  Instrument 
for  Fracture Toughness testing  on  ice  = fältinstrument för brottseghetsbestämning  av 
is). Med instrumentet kan  brottsegheten  hos is  mätas i fält och brottenergin  kan  mätas  
med  laboratorieförsök.  

En litteraturstudie  över tidigare gjorda mätningar  pä  brottsegheten  hos  sötvattensis 
och havsvattenis redovisas. Här beskrivs samband mellan brottsegheten och 
belastningshastighet,  temperatur,  komstorlek och porositet.  Studien  visar att mera 
undersökningar krävs för att bestämma havsisens egenskaper.  

11F1  består i huvudsak av två delar: ett fältinstrument och  en  datauppsamlings enhet. 
Instrumentet fungerar i princip som  en  hydraulisk kudde som expanderas i  en  utsågad 
spricka i  en  isprovlcropp. Expansionen åstadkoms med hjälp av  en  batteridriven borr-
maskin. Instrumentet är kalibrerat och noggrannt undersökt i laboratoriemiljö.  Data-
uppsamlingsenheten består av  en  lastcell och  en  skrivare och strömkällan utgörs av 
bärbara batterier.  Den  totala vikten av  1.11-1  ar cirkal5  kg.  Försöksförfarandet i fält 
är tillräckligt enkelt att två personer klarar av det. Ett komplett försök, som irilduderar 
tillverkningen av  en  provkropp, tar ungefär  40  minuter.  

1-11- 1  utnyttjar provkroppar  med en  chevron-formad  (V-formad) spricka  som  sägas i 
utborrade kärnor  av is.  Provkropparna är  307 mm  länga  med  diametern  193 mm.  Brott 
segheten bestämms  direkt  frän brottlasten utan att  deformationer eller  spricklängder 
behöver mätas.  En  beräkningsmodell presenteras där  korrektioner av  geometriska av-
vikelser  hos  provkroppen beräknas och där  den  nödvändiga provIcroppstorleken för  is  
bestämms.141141 påför provkroppen  last via en  lastyta, detta skiljer  sig  frän 
beräkningsmodellen  som bygger  pä  att  lasten  påförs  som en linjelast.  För att anpassa 
beräkningsmodellen till  1-.11,1 har en  vekhetskalibrering  pä  provkroppar  av plast  
utförts. Försöksserien innehöll  tre  olika provkroppar  av  PolyPropylene där  den  
relativa lastytan ändrades.  Resultatet  visar att  en  lastyta  ger en  marginell  effekt  
jämfört mot  en linje-last.  

Fält- och laboratorieförsök  har  genomförts  pä  24  provkroppar  av havsis  frän Botten-
viken.  Resultaten  pekar mot att linjära brottmekanik  kan  användas för att beräkna 
brottsegheten bestämnd  med F11-1. De  försök där brottenergin bestämts visade att 
styvheten  hos  fältinstrumentet  var  tillräcklig för att erhålla tillförlitliga värden. Brot-
tenergin varierade mellan  1.3-3.3 J  rn-2  och brottsegheten mellan  33-112  kPa mla.  En  
speciell  studie av  porositetens inverkan  pä  brottsegheten  har  utförts. Ett experimen-
tellt samband mellan brottsegheten och porositeten, i  form av  saltlakehalt, 
presenteras. KQp =  129.1  exp  (-0.31  Vb), där KQp är brottsegheten (kPa  m1/2)  för  
porös  bräckvattensis  med en  saltahalt  mindre  än  1700  och Vb är saltlakehalten  (700).  
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NOTATIONS AND SYMBOLS 

Notations and symbols are explained when they frst occur in the text. The major part 
of the notations are also given in the text below.  

J  atin capital letters; 

A = Projected crack surface area (m2) 

AL = Load area diameter (m) 

ASTM = American Society for Testing Materials  

B  = Specimen diameter (m)  

C  = Physical compliance (m/N)  

C'  = CEB = Dimensionless compliance  

KQ = Apparent fracture toughness (Pa mlf2) 

KQ0=Appgrent fracture toughness for non porous 
ice (Pa Wm)  

Kop  =Apparent fracture toughness for porous ice 
(Pa m') 

.-- Characteristic dimension (m) 

LEFM = Linear Elastic Fracture Mechanics 

CNRB = Circumferentially Notched Round Bars M = Bending moment  (Nm)  

Cn,SRCN = Dimensionless coefficient in eq. (5.27) M = Weight of salts (kg) 

CT = Compact Tension specimens 

DCB = Double Cantilever Beam specimens  

E  = The Elastic modulus (Pa) 

F = Load on specimen  (N)  

F(ø) = Angular function in eq. (2.11) 

1-Li-i  = Fled Instrument for Fracture toughness 
Tesing on ice 

Fmai = Maximal load on specimen  (N)  

FQ = Failure load  (N)  

Fuiff = Damping effect of the load cushion  (N)  

Fsm = FsufriFmax = ratios of loads  

G  = Potential energy release rate  (J  m-2) 

GCR = Crack resistance  (J  n-1-2) 

Gc  = Critical energy release rate  (J  m-2) 

Gw = Specific work of fracture  (J  m-2) 

I = subscript, crack opening mode I 

IRSM = International Society for Rock Mechanics  

K  = Stress intensity factor (Pa mi/2) 

Kc = Fracture toughness (Pa ram) 

Kj = Loading rate (Pa min  s-1) 

KsR = Fracture toughness evaluated on SR 
specimens under LEFM assumptions (Pa m)  

kt  = Threshold loading rate value (Pa mif2  s-1)  

Msw = Weight of salt water (kg)  

N  = Coefficient, ratio between peak nominal ten-
sile stress and compressive stress in eq. (5.22)  

P  = Coefficient in the creep power law (Pin  s'1) 

PP = PolyPropylene  

R  = Crack resistance  (J  m-2) 

S = Salinity (ppt) 

SENB = Single Edge Notch Beams 

SRCN = Short Rod Chevron Notched specimens 

T =1) Test temperature  ('C)  
2) Chevron slot thickness (m)  

UF  = Work done by external forces  (J)  

Up = Potential energy  (J)  

Us = Strain energy  (J)  

Va  = Air volume (ppt) 

Vb = Brine volume (ppt) 

W = Specimen length (m) 

Wu.  = Transitional specimen size above which 
LEFM is appliciable 

Wa°  = Requisite (for LEFM) specimen size (m)  

Y,  Y"mm, Y"mi = Dimensionless stress intensity 
factors 

Z" = Dimensionless shape and crack length factor 
in eq. (5.23) 
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Latin lower-case letters 

a = Crack length (m)  

ae  = Critical crack length (m)  

ae  = Effective crack length (m) 

ad  = Initial crack length (m) 

at = Length of chevron notch at surface (m)  

b  = Crack front width (m) 

be = Critical crack front width (m)  

d  = Grain size (m)  

dav  = Average grain size (m) 

• = Sub grain size, the platelet width of an ice 
crystal (m) 

fss = Sign switch function 

Lh = E'Gie/cri.2 = Characteristic length (m)  

m = porosity dependent exponent in eq. (7.9)  

n  = Exponent in the creep power law 

r = Polar coordinate, distance from crack-tip (m) 

rcr = Creep zone size (m) 

Cax  = Maximum size of the creep zone (m) 

rd = Size of dissipative zone (m) 

s = Superscript, refers to a specimen of standard 
propotions 

t = Total testing time (s)  

tf  = Time to failure (s) 

tpp = Post peak test time (s)  

x  = Coordinate 

z = Coordinate 

Greek capital letters 

Act = Incrementally increased crack length 

AL = Distance from working point of load cushion 
to ScoD measurement point (m) 

ARMS = Mean value of the Residual sum of Squares  

af  = Failure strength of porous ice (Pa) 

ad  = Peak nominal tensile stress (Pa) 

• = Basic strength for non porous ice (Pa) 

ai = Tensile strength (Pa) 

cry = Yield strength (Pa) 

az  = In plane stress (Pa) 

120= Chevron secant angle 

= Dimensionless constant in eq (2.12) 

'1' = Porosity (ppt) 

Greek lower-case letters 

a = a/W = Dimensionless crack length  

ae  = ae/W =Dimensionless crack length 

ad  = Dimensionless crack length 

cti = Dimensionless crack length 

KsR 
= Dimensionless Brittleness number 

= Transitional Brittleness number above which 
a strength failure occurs  

kon  = Crack opening displacement (m) 

SF =- Load point displacement (m)  

e  = Total strain 

cd(t) = Delayed elastic strain 

Ce = Elastic strain  

ev(t) = Viscous strain 

= Strain rate (s-1) 

yd = Dissipative energy  (J  m-2) 

ygb = Grain boundary surface energy  (J  m-2) 

Yse = Single crystal surface energy  (J  ni2) 

Yse = Specific surface energy (3 m-2)  

x  = Meltwater conductivity (f1-1  m 4, S)  

p  = Crack-tip radius (m) 

u = Poisson's ratio 

= Dimensionless constant in eq. (2.11) 

Help function in eq. (5.15) 

= Unit step function in eq. (4.2) 
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1. INTRODUCTION 

1.1 	The application of fracture mechanics on ice 

Fracture mechanics concepts enable crack initiation and growth problems and their ef-
fects on the total strength of a material to be investigated. The behaviour of a material 
when it "breaks" (fractures) is an extremely important aspect in numerous design ap-
plications. This was realized in the fourties when the classical strength approach, i.e., 
that the maximal stress in a body must be less than the ultimate strength, failed to 
predict a number of catastrophic failures. In the mid sixties and early seventies, frac-
ture mechanics became a tool in the safety assessement of many structures. 

Ice is not purely elastic, viscous or plastic. When stress is applied to ice, it displays a 
combination of responses: it shows elastic response but also immediately begins to 
creep. In addition, ice is an extremely brittle material if the applied stress or stress rate 
is sufficiently high. For instance, it will fracture in a brittle manner, even at its melt-
ing temperature, when hit gently with a hammer. 

The behaviour of ice when under stress is an important subject for an engineer. Struc-
tures in cold regions must often be designed to withstand forces that ice can exert and 
the bearing capacity of floating ice covers are sometimes used for transportation pur-
poses. During an ice-structure interaction, the ice can fail by a continuum (elastic 
buckling, creep buckling or ductile indentation) mode of failure or by fracture (crush-
ing, spalling, radial or circumferential cracking, non-elastic buckling or flexural) 
mode of failure. This wide range of behaviours complicates the prediction of ice for-
ces. Field observations show that there is extensive fracturing of ice caused by en-
vironmental forces or interactions with a stationary structure. In fact, ice around an 
offshore structure often presents a chaotic picture of multifariously fractured sheets 
and blocks, and when an icebreaker passes through an ice sheet there is a great deal of 
ice cracking. Here, fracture appears to be the dominant failure mode in nature. There 
is very little apparent evidence of continuum deformations. They do exist but they are 
not the norm. Thus, the relevance of fracture mechanics to ice engineering feels intui-
tively acceptable. Furthermore, the onset of fracture is of prime importance to ice 
loading. The peak strength of ice under compression occurs at the transition from 
creep to brittle fracture. For that reason, a fracture mode of failure limit the maximum 
force that ice can exert on a structure. 

The application of fracture mechanics to the study of the failure of ice, is useful in the 
following two respects: 

• It can provide solutions to ice engineering problems and be used in the 
design of structures in ice covered waters. 

• It provides parameters for both the classification and the description of the 
mechanical behaviour of ice. 
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1.2 	Aim and scope 

The aim of this report is to provide an engineering method by which the fracture 
toughness of ice may be measured in the field. The linearly elastic fracture mechanics 
theory is applied. The validity of the theory to study the fracture of ice is considered. 

In chapters 2 and 3, fracture mechanics in general is reviewed, and existing techni-
ques for the measurement of fracture toughness of ice are presented. A test system is 
described in chapter 4. The use of the short rod chevron notched specimen is 
evaluated in chapter 5. An experimental calibration to make this fit the test system is 
described in chapter 6. Laboratory and field test programs are presented in chapter 7. 
Results from the tests are compared with those presented in the litterature and a tenta-
tive relationship incorporating porosity effects is presented. Finally, conclusions and 
suggestions for future research are given in chapter 8. 
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2. 	ELEMENTARY CONCEPTS IN FRACTURE 
MECHANICS 

	

2.1 	Historical review 

Imperfections or flaws are present to some extent in all materials. This was noted by 
Griffith (1921) who found that the strength of glass specimens showed a profound 
size effect. He discovered that larger bodies had lower strengths than smaller ones and 
attributed this to the greater probability of finding bigger flaws in the larger bodies. 
An existing crack will become unstable and propagate only when the elastic strain 
energy release rate, due to crack extension, exceeds the rate of increase in surface 
energy associated with the newly "formed" crack surfaces. According to Griffith's 
balance of energy rates, the condition for crack growth is 

Us) R (2.1) 

where  UF  is the work done by external forces, Us is the strain energy,  R  is the crack 
resistance and A is the projected crack surface area. 

For a perfectly brittle material, the crack resistance is given by  

R=  2yse 	 (2.2) 

where '(se  is the specific surface energy, which is considered to be a material property. 

Only for perfectly brittle materials does equation (2.2) hold true. Both Irwin (1948) 
and Orowan (1952) noted that much more energy dissipated than predicted by ‚(se in 
metals failing in a brittle fashion. They pointed out that the Griffith-type energy rate 
balance must be between the strain energy stored in the specimen and the surface ener-
gy plus the work done by dissipative, plastic, mechanisms. This means that equation 
(2.2) still can be used but with 2yse replaced as  

GR  = 2.yse  +  yd (2.3) 

where the crack resistance,  R,  has been designated Goz (after Griffith) and yd is the 
energy dissipated by plastic flow or any other micromechanism. 

The most practical case is to analyse the strain energy, Us, with a linear elastic as-
sumption and assigning all non-linear and dissipative effects to the crack resistance 
term, as done above. If GcR, based on linear elastic theory, shall give an estimate of 
the fracture energy resistance, it is necessary to insure that the errors introduced by 
plastic flow are minor. The validity of equation (2.3) relies upon that the dissipation is 
confined to a small zone at the crack-tip. This is a limitation of paramount importance 
in linear elastic fracture mechanics (LEFM). It is often named small-scale yielding 



4 	 ELEMENTARY CONCEPTS IN FRACTURE MECHANICS 

and it will be disscussed further in section 2.4. In LEFM Griffith's balance of energy 
rates is written as 

aUp 0= GCR 
	 (2.4) 

Here Up is the potential energy and  G  is the potential energy release rate. 

Irwin (1957) brought forth the idea of analysing the local conditions at the crack-tip. 
By making a parameter characterisation of the crack-tip stress-field, a fracture 
criterion was provided. 

2.2 	Elastic crack-tip stress analysis 

The crack has dominant influence on the distributions of stresses in its vicinity. This 
is related to the surfaces of the crack since they are stress-free boundaries of the body 
near the crack-tip. Other remote boundaries and forces affect only the intensity of the 
local stress field. A crack which is present in a loaded body can be deformed in three 
independent ways. Each associated with a local mode of deformation as illustrated in 
figure 2.1 below. 

Mode I is technically the most important but any crack deformation can be repre-
sented by superposition of these three basic, independent, cases.  

Y  

Opening mode I 

The crack surfaces move directly apart in the  
y-direction, symmetric with respect to the  
x-y  and  x-z planes. 

  

Shearing mode II 
The crack surfaces slide over each other in 
the  x-direction. 

Tearing mode III  
The crack surfaces slide over each other in 
the z-direction. 

  

Fig. 2.1 Modes of deformation of a crack. After Paris and Sih (1964). 
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The in-plane crack-tip elastic stress fields corresponding to the three displacement 
modes, can always be expressed as 

Ki 
crij  = 727cr fii (0)  

(2.5) 

defined in the cylindrical polar coordinates!  , and, 0, appearing in figure 2.2. Ki is 
the stress intensity factor (N/m3/2  or Pa mlf4).The crack-tip stresses in mode I is given 
by equation (2.6). 

   

  

0 
cos--  (1— sin-

2 
sin-

2
) 

2 
9 . 0 . 30 

cos—(1+ sin-
2

sinT) (2.6) 
2 

.8 8 30 
sin—cos—cos- 

2 2 2 

ax 
ay 

Txy 

_  

   

    

Fig. 2.2 Stresses around a crack-tip. 

As addressed by equation (2.6), the stress field in the vicinity of the crack tip is sin-
gular and of the form 1/4—r. From this it follows that a becomes infinite at the crack-
tip. This does not occur in reality, dissipative mechanisms keep the stresses at a finite 
value of the ultimate strength , au. For metals au = Cry, the yield strength, and au  = at, 
the tensile strength, in the case of concrete, rock or ice. More information on fracture 
mechanics basics is given in a range of books e.g.  Broek  (1986). 

Irwin (1957) showed that the global energy approach is equivalent to a local stress in-
tensity approach, at least in the linear elastic isotropic case for mode I cracks, viz., 

K12 
= E' 

where  E'  is the elastic modulus, =  E  for plane stress, = E/(1-1)2) for plane strain. The 
most important characteristic is that the local crack-tip stress-field is identical in form 
for all types of loading. The loading is only reflected through the magnitude of the 
stresses determined by the stress intensity factor, ICI, Williams (1984)  p  48. 

Fracture occures when the stress-field reaches a critical state and equation (2.4) may 
be written either as written either as 

(2.7) 



Fig. 2.3 
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GI = Gk or Kt = Kic 	 (2.8) 

where Ktc  is called the fracture toughness and Gk the critical energy release rate. 
Both Kc  and Gc reflects the crack extension resistance of a material. It is perhaps in 
order to pause and make a comment on the word toughness. 

• In common usage it means "not easily broken". In fracture mechanics it is 
associated with the capacity of a material to absorb energy, i.e., the ability 
to dissipate energy, before fracturing. A ductile material is tougher than a 
brittle one with small amounts of local deformation around the crack-tip. 

2.3 	Test methods 

The way to determine fracture mechanics parameters differs between different 
materials. LEFM testing on metals uses the standard E399 of the American Society 
for Testing and Materials, ASTM E399-83 (1983), which gives the standard test 
method for plane strain fracture toughness, Kic, of metallic materials. Concrete and 
rock are composite materials, consequently they need another standard guidline. A 
recomendation for the determination of the fracture energy of concrete has been put 
forward by the International union of testing and research laboratories for materials 
and structures,  RILEM  (1985). The International Society for Rock Mechanics, IRSM, 
suggests two methods for measuring the fracture toughness of rock, Ouchterlony 
(1989). The most common specimen types are briefly shown below. 

2.3.1 General specimen types 

The Single Edge Notch Beam (SENB) under three-point bending is probably the most 
widely used specimen type. With proportions fixed as shown in figure 2.3 it is a stand-
ard specimen in both ASTM E399-83 and  RILEM.  To minimize specimen prepara-
tion, the IRSM variety of the SENB is a core based specimen shown in figure 2.3  c.  
The other suggested IRSM method is described in the next section. 

a) The Compact 
Tension (CT) 
specimen with 
dimensions accord-
ing to E399.  
b) The SENB under 
three-point loading 
with proportions 
recommended in 
E399 and  RILEM. 
c) The Chevron 
Bend (CB) 
specimen with 
dimensions accord-
ing to IRSM. 
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2.3.2 The short rod chevron notched specimen 

Most previous methods to determine the fracture behaviour for brittle materials in-
volved a costly and time consuming preckracing of the used specimen or a high ap-
plied load to be valid. Pook (1972) suggested that: "By introducing suitable profiled 
side grooves it should be possible to omit the preckracldng stage". These "suitable 
profiled side grooves" is the present day chevron notch. (A chevron is a bent bar of in-
verted V shape. The word originates from the  latin  word "caper" = goat). 

Even before Pook, investigations were performed on chevron notched bend 
specimens, Nakayama (1964) and Tattersall and  Tappin  (1966). These early workers 
did only calculate the work of fracture by integrating the load-displacement curve, 
they did not seriously try to analyse the specimens. The short rod chevron notched 
specimen was introduced by Barker (1977) and (1978). Two methods of loading were 
proposed, in the former a load line along the front edges was used, in the latter a flat-
jack applied pressure over a load area in the slot. The short rod chevron notched 
specimen configuration with common nomenclature is shown in figure 2.4.  

a 	Crack length 

ao 	Initial crack length (distance from 
lineof load application to tip of 
chevron) 

al 	Length of chevron notch at the 

surface 

ac 	Critical crack length 
be 	Critical crack width 

AL/2 Load area radius  

B 	Specimen diameter 

W 	Specimen length (distance from 

line ofload application to bottom 

of specimen) 

T 	Chevron slot thickness 

fEl 	Chevron secant angle 
a = a/W 

ao = ao/W 

al = al/W 

Fig. 2.4 The short rod chevron notched (SRCN) specimen geometry 

The unique features of a chevron notched specimen is the extremely high stress con-
centration at the tip of the chevron. Because of this, a crack initiates at a low applied 
load. This is followed by a stable crack development during the first phase of crack 
growth. At a critical crack length, denoted by ac, the crack growth becomes unstable. 
The crack then runs, in a catastrophic way, through the whole specimen and complete- 
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ly  breaks it. As long as the specimen geometrical configuration remains constant*, the 
critical crack length is independent of the specimen material and therefore a constant. 
No crack length or load displacement measurements are required. It is only necessary 
to determine the maximum load to calculate Kic. Strictly speaking, this evaluation can 
only be applied to ideally brittle materials with flat crack-growth resistance curves,  R-
curves, Newman (1984). It is only for these materials that the maximum load coin-
cides with the critical crack length, see chapter 5. 

The following proportions are suggested by the International Society for Rock 
Mechanics (IRSM) for a standard specimen, Ouchterlony (1989) 

1

Ws/B = 1.45 

aö/B = 0.481 or aö/W = 0.332 

ai/W = 1 
29 = 54.6° 

Ts/B = 0.03 

(2.9) 

With one parameter as the measure of the specimen size, four independent parameters 
describes the uncracked specimen. The superscript s stands for this standard con-
figuration which will henceforth be used. 

The specimen precracking essentially aims at producing a geometrically well defined 
and sufficiently sharp crack. Otherwise too high fracture toughness values will be 
produced due to crack tip blunting, Ouchterlony (1982). For a creeping material such 
as ice, this is of utmost importance. For metals, rock and concrete precracing require-
ments can be achieved by fatigue cracking. Only Wei et al. (1990) has tried this on 
ice. Almost without exception, all the specimens used to determine the fracture tough-
ness of ice have relied upon the introduction of a crack with a razor blade sharp tool. 
With this method microcracks probably forms ahead of the sharpening tool, Nixon 
and Schulson (1986 a), and the true crack length is not easily measured. Since the 
evaluation of the fracture toughness depends on the notch length, this is a source of 
error. To make notches of constant depth, repeatably, it is necessary to have reliable 
methods such as presented by Nixon and Schulson (1987) and Dempsey et al. (1989). 
On the contrary, the SRCN specimen seem to be well suited for obtaining near Kic 
values for rate dependent materials. The initial stable crack growth will produce a 
naturally sharp macrocrack. Ouchterlony (1989), shows that the critical toughness 
value is representative in a relatively wide region around the evaluation point ac. In 
view of this discussion, the chevron notch concept is felt to be especially tenable for 
fracture studies on ice. 

* 	That is, a constant relationship between the ratios (W/B), (ao/W) and 9 
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2.4 	Specimen size effects 

In the preceeding section the deformation is assumed to be controlled solely by the 
elastic response of the material. The energy dissipation process in the body must be 
local to the crack-tip so it does not affect the overall elastic response. Thus, LEFM is 
limited to the case of small-scale yielding. If apreciable plasticity influences the load-
displacement behaviour,  G  can not be determined from the elastic stress-field. The  J-
integral provides a means to determine  G  where plasticity effects are substantial. The  
J-integral approach can be found in e.g., Brock (1986). 

The small-scale yielding criterion for metals does not take into account any grain size 
to crack length effect. This is likely explained by the small metal grain size as com-
pared with any crack length. However, for cracks comparable to the grain size, as 
often is the case for ice, the assumptions of LEFM are no longer valid. The degree of 
applicability of LEFM due to small-scale yielding and large grain sizes will be dis-
cussed in the following three subsections. 

2.4.1 Small-scale yielding in general 

To be a true material property, Ke  or  Ge  must be independent of the size as well as the 
loading of the specimen. This is achieved when the dissipative zone, rd, is minimized 
in size with respect to the other dimensions of the specimen. The minimum is ob-
tained under plane strain conditions when the material within the zone is under maxi-
mum constraint. The plane strain fracture toughness,  Kig,  represent a lower bound 
property and is of great value for the description of material behaviour. 

Fig. 2.5 Plastic zone shapes for mode I, plotted non-dimensionally as 
rd/(KVit ay)2. After  Broek  (1986). 
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The shape of the dissipative zone can be determined with the von Mises criterion and 
equation (2.6). The plastic zone in plane strain is much smaller than the plane stress 
counterpart. However, both are proportional to KI2/ay , see figure 2.3. 

For fracture toughness testing in metals the size criteria is governd by the ASTM 
standard  E  399-83 (1983), viz., 

Lch  k 
 

ay 
(2.10) 

where ay is the yield strength and Lch is the characteristic dimension = ao  or (W-ao ) 
or  B.  Here ao  is the initial crack length, (W-ao) is the uncracked ligament and  B  is the 
specimen thickness, see figure 2.4. 

There is always a region of plane stress at the specimen surface since there is no con-
straint in the in-plane direction so that az  =0. If plane strain prevails in the interior, 
the stress az  gradually increases from zero to the plane strain value. As a conse-
quence, a measured value will be an average of the interior plane strain and the sur-
face plane stress value. It is apparently essential to have an appropriate size or shape 
of the specimen to ensure predominant plane strain conditions along the crack front. 
The short rod chevron notched specimen, described in chapter 5, has the desired slot 
geometry for obtaining this. The distribution of the stress intensity factor along the 
crack front is determined by Raju and Newman (1984). They used the finite element 
method to get figure 2.6 

Y"mini  

KSR = Wijs7  Y  rnin 

(see chapter 5) 

I 	I 	I 	I 	 ›2z/b  
0.2 0.4 0.6 0.8 1.0 

Fig. 2.6 Dimensionless stress intensity factor distribution across a crack front for a 
short rod chevron notched specimen. After Raju and Newman (1984). 

40 — 

30 — 

20 — 

10 — 
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2.4.2 Small-scale yielding in ice 

In materials such as ice which exhibit rate dependent creep flow, small-scale yielding 
has its equivalence when elastic strains dominate almost everywhere except in a small 
"creep zone". It can be discussed whether or not this is analogous with the plastically 
deformed zone observed in metals or with a microcrack damage zone as in rock. For 
ice the latter seems more adequate. In any case it can be referred to as an energy dis-
sipative zone, as done before in this text. 

A transition from plane strain to plane stress can thus be acheived both by reducing 
the characteristic length, Lch, or by reducing the load rate. It can be expected, Nixon 
and Schulson (1987) and Bentley et al. (1989), that the fracture toughness of ice will 
change as in figure 2.7 as ICI and Lch are varied. 

Plane stress 

	 Plane strain 

Loading rate ICI 
Characteristic dimension Lch 

Fig. 2.7 Expected effect of loading rate and characteristic dimension on the stress 
intensity factor for ice which is exhibiting rate dependent crack-tip defor-
mation. 

It is unclear whether the plane stress dissipative zone differs from the plane strain for 
ice, i.e., a constraint similar to equation (2.10) has not yet been esablished. For a 
material such as rock, there is no transition to a different deformation pattern in plane 
stress compared to plane strain, Ouchterlony (1982). So, before figure 2.7 can be fully 
accepted, the true behaviour has to be determined emperically. 

However, it is vital to estimate the extent of the creep zone to get proper specimen 
size requirements. There exist rigorous experiments on metals to verify equation 
(2.10), but none for ice. Additionally, the form (2.10) is not convenient because the 
yield stress of ice is not easily determined and likely inoperative since ice creeps at all 
stresses and shows no yield point. As a consequence, several workers, e.g., Timco and 
Frederking (1986), Nixon (1984) and Nixon and Schulson (1986 a) and Bentley et al. 
(1989), have used the concept proposed by Riedel and Rice (1980). For materials 
which creep, Riedel and Rice define the boundary of the creep zone as the locus of 
points at which creep and elastic strains are equal for mode I fracture. The expression 
for the creep zone size, rcr, is 

Fcr (0) 
(2.11) 1 	K1 2 (n + 1) 2  n p  t  21(n — 1) 

rcr (9,t) — 
271 

 (E,) 
2n wn  + 1 



a /  d  (crack length/grain size) 
ysc  = single 
crystal value* 

* For ice are 
2ygb = 0.130 Jm-2  
2yse = 0.218 Jm-2  

m, 
I 

IMMS. 
IIIIMMall 
ZIIMMIIM 
MOM% Tgb = grain 

boundary 
value 

polycrystalline value 

/  

,  
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where co is a dimensionless constant, Fa (0) is an angular function describing the 
variation of the crack-tip zone radius as 0 is varied around the tip, t is the total testing 
time, i.e., the time interval from the manufacturing the initial crack to the failure of 

the specimen, and both  P  and  n  comes from the power law creep  e  = Pan, see equa-
tion (A.2). The maximum value of rcr for ice is given by 

max 12 2 r cr = —
27t

(KO (PEt) 
(2.12) 

where  n  = 3, which is a commonly used value for ice see e.g. Bentley et al. (1989) 
and f2 is a dimensionless constant, = 1.51 for plane stress, = 1.16 for plane strain. 

However, owning to the matters considered in Appendix A.2, equation (2.12) appears 
a doubtful tool for judging the dissipative zone size. On the other hand, the relevance 
of it lies with its simplicity and it can best be used as an order of magnitude estimate 
at low strain rates and high homologous temperatures. 

2.4.3 The grain size-crack length effect 

If the crack length is comparable with the grain size, the assumptions of continuum 
mechanics are no longer valid and LEFM does not apply, Dempsey (1989). 
It is clear that a transition takes place from polycrystalline to typical single-crystal 
fracture energy values, as the number of grains relative to the crack length decreases. 
Figure 2.8 gives a picture of this. 

Fig. 2.8 Transition from single-crystal fracture energy to polycrystalline. The rec-
tangles represents fracture surfaces and the grid of horizontal and vertical 
lines the grain size,  d.  After Rice (1981). 
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Major uncertainties are the  a/d  ratio below which single-crystal or grain boundary 
fracture energies apply and the range of transition to polycrystalline fracture energy. 
For metals this is seldom, if ever, a problem, but for ice constraints similar to those in 
(2.10) are needed. There is no accepted criterion for the crack length to grain size 
ratio but Dempsey (1989) proposes the following tentative criterion 

ao/dav 10 	OW — ao) /day 12 	 (2.13) 

where ao  is the initial crack length of a certain specimen and  dav  is the average grain 
size. No constraint similar to B/d> 15 proposed by Schwartz et al. (1981) is in-
cluded. The reason for this has already been pointed out: the thickness mainly effects 
the state of stress at the crack-tip. 



14 



FRACTURE MECHANICS OF ICE 	 15 

	

3. 	FRACTURE MECHANICS OF ICE 

	

3.1 	Investigations on freshwater ice 

Since there is no accepted standard method for fracture toughness testing on ice, dif-
ferent specimen types have been used over the years. Due to the lack of a standard 
guidline most researchers refer to ASTM E399-83 (1983), which is a standard method 
for plane strain fracture toughness of metallic materials. The refered ASTM standard 
requires the creation of an initial sharp crack by fatigue testing, which has not been 
done in ice. 

There has been a number of investigations on the fracture toughness of freshwater ice. 
Gold (1963) made the first investigation. He measured crack penetration by the means 
of thermal shock. The work continued and the most used fracture specimens were the 
Single Edge Notch Beam (SENB) (3- and 4-point bending arrangements) and the 
Compact Tension (CT) specimen. Recently, investigations have been performed on 
Circumferentially Notched Round Bars (CNRB), Nixon and Schulson (1986  b),  
Double Cantilever Beam (DCB) specimens, Bentley et al. (1989) and Short Rod 
Chevron Notched (SRCN) specimens, Nixon and Smith (1987). 

In Dempsey (1989), a thorough survey of fracture testing of freshwater ice can be 
found. It includes a complete list of references. Based on crack length and specimen 
size considerations, Dempsey suggests that almost all previous fracture tests on fresh-
water columnar ice have used sub-sized specimens. Only a few investigators have 
used a sufficiently sharp crack with large enough crack length to get reliable tests, i.e., 
tests that are notch sensitive. A resent paper by Wei et al. (1990) clearly shows the ef-
fect of notch tip radius (crack-tip sharpness) on the fracture toughness. 

However, from the studies that are performed satisfactorely, three different observa-
tions can be made. The toughness seems to be constant with loading rate and decrease 
with increasing temperature and increasing grain size. These three observations will 
now be discussed. 

Firstly, Kic appears to have  lide  dependence on loading rates above a temperature, 
creep and load dependent threshold rate Kt, Nixon and Schulson (1987). Thus, if a too 
low loading rate is used or if the temperature is too high, the creep zone becomes too 
large for small-scale yielding to apply. This is pictured in figure 3.1 where results fom 
five different authors are brought together. For Ki > 10 kPa m1/2 s-1 Kt the values 
of Kic seem to be rather constant. 
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Fig. 3.1 The variation of toughness, Kk, with loading rate, KT for test temperatures 
between -10°C and 0°C and 1  <d  < 10 nun, from Bentley et al. (1989). 

Secondly, there seems to be a slight decrease in fracture toughness as the temperature 
increases. The picture is however very unclear due to the fact that the tests done may 
be notch insensitive, including both crack tip bluntness and too low ao/dav  ratios. Fur-
thermore, Liu and Miller (1979), Hamza and Muggeridge (1979) and Nixon and 
Schulson (1987), have found that the toughness decreases with increasing temperature 
while Goodman (1979) and Nixon (1984) show the reverse. This is shown in figure 
3.2 which displays considerable scatter. The general trend is however: a steeper 
decrease for temperatures above roughly -20°C that levels off and becomes nearly 
"constant" for the lower temperatures. 

The third trend observed by Nixon and Schulson (1987) is that the fracture toughness 
increases with decreasing grain size. This is supported by the work by Currier and 
Schulson (1982). They showed the same relationship between the tensile strength and 
the grain size, these two observations are shown in figure 3.3. This is consistent since 
brittle fracture is a tensile process that of course involves the tensile strength. Cole 
(1988) presents two models that can explain the grain size dependency. One is based 
on the elastic anisotropy of the ice lattice structure. The other proposes that disloca-
tion pile-ups, proportional in length to the grain size, nucleate microcracks that even-
tually lead to the tensile failure. Both follows the classical Hall-Petch , &la, relation-
ship. Other work by Hamza and Muggeridge (1979) and Goodman (1979) on the 
grain size effect, clearly have used sub-sized specimens since acidav -= 3 and 1 respec-
tively. Those results, suggesting the opposite trend than shown in figure 3.3, are in all 
probability an artefact of the test methods and ice types used. 
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Fig. 3.2 The effect of temperature on the fracture toughness on freshwater ice. 
' Only rate independent, 10-I  <  Kl  < 105  kPa m s-1, values are shown 

where 1.9 <  d  < 8 nun. 
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Fig. 3.3 Fracture toughness, Kic, and tensile stffngth, at, of freshwater ice versus 
the grain size,  d.  The plot shows a  d-  relationship for a temperature of - 
10°C with  e  = 10-6  5-1  and kI = 10 kPa m1/2  s-1. 
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3.2 	Investigations on sea ice 

Comparatively fewer studies have been done on sea ice. Probably because it is a more 
complex material than freshwater ice. The saline sea ice is a multiphase system, in 
general it is quite anisotropic and effected by its brine and gas porosity* 

The results from the tests done up to now are summarized in table 3.1. Here are 
ao  = inital crack length,  dav  = average grain size, S = salinity, K1 = loading rate, 
Ki = experimentally evaluated fracture toughness and T = temperature. 

Table 3.1 Fracture toughness tests on sea ice to date 

AIIthlän  au 
(inin)  

rim,  
 	(um) 

aoidav S 
(1301) 

T 
ki 

(kPa min' 54) 
Kic 

(1cPa mir4 ) 
T 

(-*C) 

Vandery (1977) 12.7 1.2-10 1.3-11 7-9 0.143.10- 3 b 33-131 10- 
20 

urabe et al, um) 70 6-60a 1.2-12 0.44-0.52 897- 356.10- 4 b 24-80 2 

Urabe and Yoshita- 
ice (1981a) 

20-80 4-25a 0.8-20 nr 4.8-2756 25-88 2 

Urabe and Yosbita- 
ke (1981b) 

80 3-40a 2-27 nr 4.8-2756 20-113 2 

Time() and Preder- 
king (1982) 

12 2.2- 
11.2 

1.1-5.4 2.8-7 10 82-144 4-20 

parsons et at 0984, 
i 

130- 
530 

36-89 1.5-14.7 3-13 1.4-395 54-875 7.6- 
25 

Shen and Lin (1986) 80 nr nr 3.6-5.4 1-400 62.5-100 20 

Tutikuri (1987) 200 nr nr 0.27-0.48 7-323 119-136 0.3- 
0.45 

Notes 

a = subgrain size  
b  = estimated strain rate (s

-1
)  

nr  = not reported 

The first investigation was probably made by  Assur  (1958), who measured the tensile 
strength with ring tests. In the ring test a hollow cylinder lying with its axis horizontal 
is subjected to a vertical compressive force. He found that the tensile strength of 327 
specimens decreased with increasing brine volume. 

Vaudery (1977) measured both the tensile strength and the fracture toughness as part 
of a general research effort aiming for the bearing capacity of sea ice. He used the 
four-point bending specimen to investigate the variation of Kic  with, Vb, the brine 

* 	Brine volume and Assur's (1958) geometrical strength-porosity model are 
described in Appendix A.1 and  B.  
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volume. He found that the toughness decreased with increasing brine volume, this is 
shown in figure 3.4 below.  

Urabe  et al. (1980) performed in-situ three-
3
point bending tests of the fracture tough-

ness as a function of strain rate. Above 10-  s-1  , Kic was reported to decrease as the 
strain rate increased.  Urabe  and Yoshitake (1981 a), continued the work and showed 
the same dependancy of loading rate. They further discovered that an average grain 
size of 25 mm gave Kic values of up to 1.5 as large as for the smaller, 4 mm, grain 
sizes. Again Dempsey (1989) shows that the used specimens are sub-sized, and the 
rate and grain size effects discovered is likely a feature of the small specimen size 
used.  

Urabe  and Yoshitake (1981  b)  also showed a tentative relationship between Kic  and 
-1 where  ds  is the subgrain size which is defined as the area between the brine 

cells within a columnar grain (the platelet width). The toughness was reported to 
decrease with decreasing sub grain size. Although it seems proper to use  ds  instead of  
d  when working with sea ice, the specimens are again severely sub-sized since 
2< addsav  < 27. 

Timco and Frederking (1982) used the four-point loading configuration. They found 
the same brine volume dependency of the fracture toughness as noted before, see fig-
ure 3.4.  Morover,  they found that columnar sea ice was tougher than granular. Since 
LEFM conditions were not met, they used the correction factor introduced by  Urabe  

(kPa m1/2) 
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Fig. 3.4 Fracture toughness, Kic, versus the square root of brine volume, Vb, for 
1< KJ< 3.103  IcPa m1/2 s-1 and -2*C< T < -20T 
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and Yoshitake (1981  b)  for small specimen sizes. However, this is not a satisfactory 
procedure, which they also point out. 

Parsons et al. (1986) used the double cantilever beam (DCB) specimen to determine 
the influence of temperature and the crack orientation and propagation relative to the  
c-axis. They found the same trend as freshwater ice shows, namely that the toughness 
decreases as the temperature increases. However, questionable values of Kic as high 
as 875 kPa m1r2 were observed. Not surprisingly, low toughness values occured for 
cracks aligned perpendicular to the  c-axis orientation and thus along the crystal basal 
planes. 

3.3 Summary 

The survey of the previous fracture toughness tests on both freshwater and sea ice 
shows considerable scatter in the reported data. Meaningful comparisons are hard to 
make because of the different test methods and ice types used. A certain amount of 
scatter in the results is expected since different loading rates, temperatures, grain sizes 
and crack orientations were used. In addition, the results are influenced by the 
methods, or lack of methods, to fabricate and sharpen the cracks. 

The small amount of experiments on sea ice demonstrates the necessity of more work. 
However, the measurements performed has made it possible to show that fracture in 
sea ice is very sensitive to the crystallographic orientation and the porosity. 

The early studies often measured values with the aim to determine the effect of load-
ing rate, temperature, anisotropy and porosity upon the value of toughness found. 
Lately, more concern has been directed towards whether or not LEFM can be applied 
to ice, both as a tool in evaluating toughness values from different specimen types and 
to calculate loads in an ice structure interaction. What has now become relatively 
clear is that almost all specimens used have been sub-sized with respect to LEFM size 
criterion. 

Three main conclusions can be made: 

• The precise meaning of the mode I critical stress intensity factor, Ktc, is 
only defined for metallic materials in the ASTM E399-83 (1983). No such 
standard for ice exists and most of the criterias of validity are unrealistic. 
Due to this lack of a fracture toughness testing standard for ice, the notation 
Kg should be used to denote an apparent fracture toughness value. In line 
with Dempsey (1989) we have 

KQ = Ki(ae,p,Fg) 	 (3.1) 

where  ae  is the effective crack length,  p  is the fabricated crack-tip radius 
and FQ is the failure load. The notation 3.1 has long been used in the frac-
ture toughness testing of rock, e.g., Ouchterlony (1982). 
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• Before fracture mechanics can be safely applied to ice engineering 
problems, further basic understanding of the material behaviour of sea ice is 
needed. Moreover, this knowledge is best gained from field measurements. 
The practical use of laboratory studies are severely hampered because of the 
poor quality of model ices sush as saline ice and doped urea ice. 

• A field test method should use a specimen with enough size to ensure 
LEFM. In addition, it must be practical to use, i.e., easy to manufacture and 
produce a representative toughness value directly. The best candidate is the 
short rod chevron notched (SRCN) specimen. The SRCN specimen offers 
several advantages: the cylindrical form is obtained from ordnary ice core 
drilling and the shaping of the specimen to its desired form can easily be 
made in-situ. 
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4. 	A FIELD INSTRUMENT FOR FRACTURE 
TOUGHNESS TESTS ON ICE 

4.1 Background 

A complete facility for fracture toughness testing on ice should contain two separate 
parts: A laboratory test facility and a field test equipment. The laboratory tests should 
be performed under controlled temperature conditions and in such a way that the 
strain rate can be held constant or be varied (closed loop testing machine). Further-
more, it must be possible to investigate the crystallographic structure on well defined, 
hand made, ice. For both laboratory and field testing it is necessary to determine the 
crystal orientation, i.e., the  c-axis, the grain size, the density/porosity and to make a 
structural classification (granular, columnar etc). What is different, that calls for field 
measurements, is the sample handling. The point is to handle the ice so that minimum 
damage is done prior to testing. Examples are the sample storage time and the severe 
brine drainage that changes the ice quality. The liquid saline pockets in the ice starts 
to drain rapidly once the test specimen is removed from the ice layer. The brine 
drainage is more extreme when handling sea ice at high temperatures. Even if the ice 
is stored immediately, it looses about 10 % of its brine during the first 24 hours of 
storage at -15  "C,  Schwartz et al. (1981). This makes the tested ice different from the 
virgin ice and gives inaccuracies in measured properties. 

An in-situ test can never give more accurate results than the laboratory counterpart. 
But ice engineering problems require "real" ice properties such as the compressive 
and flexural strengths and fracture mechanics parameters measured in the field. How-
ever, both experimental and analytical studies must be carried out for a more adequate 
estimation of the ice properties. In line with the on-going development of field testing 
equipment at the  Departement  of Civil Engineering, i.e., Fransson and  Åström  (1988), 
Fransson et al. (1988), Fransson et al. (1989 a) and Fransson et al. (1989  b),  a field in-
strument for fracture toughness tests on ice (1411-(1) has been developed, Stehn and 
Fransson (1988), (1989). The main demands for I-1E1 were: 

• A well established specimen theory that takes geometricel imperfections 
into account, i.e., a vide range for variations in geometry must be allowed. 

• The specimens should be simple to manufacture in the field. They should 
call for a minimum of measurements necessary for the calculation of the 
fracture toughness. 

• The test procedure must be simple enough for two men to handle in the 
field. No complex load frame or power supply should be required. 

• A high system stiffness. Naturally, it must be higher than the elastic 
modulus of ice, Eice  = 5-9 GPa, but also stiff enough to measure the frac-
ture energy. 

The H1.1 concept is shown in figure 4.1. 
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Fig. 4.1 The FIFT concept. 

In the following section, details on the design and developement of the field instru-
ment are described. The short rod chevron notched specimen is described in chapter 
5. An experimental calibration to make the SRCN specimen fit EFT is elucidated in 
chapter 6. The testing program, both laboratory and field, are given in chapter 7. 

4.2 	The field instrument 

The design must of course be such that tests easily can be performed in-situ. No 
temperature sensitive equipment can be used. This includes both parts that may in-
fluence on the instruments functionability as well as the data acquisition system. The 
rough environmental action makes it vital that the instrument works well even when 
wet: No parts is allowed to freeze and unwanted ice must be easy to remove. 

The present layout is shown in figure 4.2. The instrument is essentially composed of 
two parts: A load cushion, by which the load is conveyed and measured and the 
house, which produces the load. The length, measured from the bottom of the load 
cusion to the top of the house, is 430 mm. The house is close to round with a diameter 
of 20 mm. The width is 190 mm and the total weight is about 1.6 kg. 

The instrument is filled with water and glycol with a hand-pump via a flexible tube. 
The single stage hand-pump both fills the system and acts as a reservoir. After the  sys- 
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Compressing fluid of anti-
freezing mixture (water and 
glycol) 

Fig. 4.2 Layout of instrument: General outline, detail of loading arrangement and 
detail of cushion. 
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tern is filled, making sure no air pockets exists, it is closed with the stop valve. A 
simple hand-held electrical drilling machine is used to rotate the load house and the 
anti-freezing fluid is depressed from the house into the load cushion. The drilling 
machine develops a torque of 11  Nm  and gives 1100 revolutions per minute. This is 
powerful enough for the flow rate to be fairly constant. When the fluid is compressed 
into the cushion, it expands and applies force on the specimen. The load cushion 
looks like a very thin, hollow cylinder with two end cups that expands as a convex 
growing bulge. The cushion has to sustain pressures of up to 800 kPa without leaking 
or bursting. Therefore, it is laser welded around its edges and, since it is comparative- 
ly small 	0.002 m2, is very stiff. 

The load cushion is fitted into the vertical slot of a SRCN specimen. It is difficult to 
make the chevron slot thickness with such tolerance that the necessary contact pres-
sure is achieved. For that reason, two stiffening plates is placed between the load 
cushion and the ice surface of the slot. The plates are made of steel and of circular 
shape with a diameter of 54 mm. They are attached to the load cushion and melted in 
place to ensure that the pressure is evenly spread over the ice slot. The applied force 

Fig. 4.3 Schematic outline of the stiffening plates arrangement. 

is measured directly via a small load-cell that is fitted into one of the plates, see figure 
4.3. The circular form of the stiffening plates makes it easy to determine the initial 
crack length ao. 

Several tests have been performed to check the instrument's reliability. These tests 
were made in the coold  roms  at  Luleå  University of Technology where the behaviour 
could be observed more closely with additional instrumentation. The reaction in dif-
ferent temperatures were examined, with emphasis on the function of the load-cell 
and load house. No drastic changes were found. Furthermore, it is belived that the 
compressing fluid, made of anti-freezing mixture, i.e., water and glycol, will not 
dramatically change its viscosity at low temperatures. 

These preliminary tests where the fracture toughness and energy were determined are 
described in chapter 7. Fracture of ice is a brittle process and occurs very fast. To cap-
ture the whole load displacement curve, it is vital to have information on the inertness 
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response, the damping effect, of the load cushion. This damping tends to enlarge the 
true post peak values. Since this part of the response belongs to the load cushion, and 
not to the ice, a work of fracture calculation will give an erroneous result. 

The cushion was calibrated by three different loads (100, 200 and 300  N)  that were 
suddenly removed. This is thought to be similar to what happens at the instability 
point  (a=k)  where a crack starts the catastrophic propagation and the acting load 
rapidly decreases to zero. Thus, the behaviour in the load time space was recorded. 
The damping of the cushion rapidly declined to zero after about 200 ms for all three 
loads. This is displayed non-dimensionally in figure 4.4 as a best fit curve of the form 

Fstiff 	 (4.1) 
= Fsm  = 1 — 0.74 tpp —  64.08 tpp2 + 213.48 tpp3 

valid when 0 < tpp < 200 ms. Here Fstiff is the damping of the cushion, Fmax is the 
calibration load which represents the maximal load in a real test, tpp is the post peak 
time in s. For this curve the following values were obtained as measurements on the 
accureteness of the fitting ARMS = 0.008 and ffs = 0.44*. 

Fsm  represents the value that shall be extracted from post peak load values in a load 
vs. displacement diagram. Thus, post peak force values are estimated as 

Fig. 4.4 The curve shows the inertness, the damping effect, of the load cushion if a 
load suddenly is removed. 

F(tpp) = Fmeas — Fsm(tpp) Fmax (tpp) 	 (4.2) 

äRMS and fss are described in Appendix  C.  

Fmax  
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where Fmeas is the measured value in  N,  Fmas  is the maximal, peak, load in  N  and 
(tpp) the unit step function 

0 if tpp  g  0 (4.3) 

(tpp) = '  1 if tpp > 0 
0 if tpp 	200 ms 

The data acquisition system is made up of the following parts shown in figure 4.5. 

Fig. 4.5 The portable data acquisition system is placed inside a insulated box 
giving a total weight of 10 kg. 
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5. 	THE SHORT ROD CHEVRON NOTCHED 
SPECIMEN (SRCN) 

5.1 	Energy release rate 

The fracture criterion analysis herein is based on energy conservation principles using 
a graphic method, compare with  Broek  (1986),  p  123-125. Consider a cracked short 
rod chevron notched specimen under the load F, as shown in figure 5.1 a). The energy 
required to advance the crack a small distance  Aa  is 

AW1 = GilgAa 	 (5.1) 

_ 
where  b  is the average width of the crack front and GI the mode I energy release rate, 
or the energy created per unit area of new crack surface. 

For a crack of size a the load-displacement is represented by line OA in figure 5.1  b).  
For a crack of size a +  Aa,  the load-dicplacement is given by the line  OB.  Thus, 
during the crack extension from A to  B  the energy increases from OAD to OBC, the 
increase is given by twise the dotted area. In the case of constant load, the energy in-
crease has to be provided by the load. Under constant deformation the increase is 
delivered by the elastic energy. Letting F be the average load during the crack ad-
vance, we have 

AB 

Fig. 5.1 a) Plan view of a SRCN specimen with crack advance  Aa.  
b)  Schematic load displacement diagram for crack growth in a linear elas- 
tic specimen, note that the figure is not in scale. 
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AW2= —
2 

FASF 
1 — 
	

(5.2) 

where  AF  is the load-point displacement during the crack opening from A to  B,  and 

AC = 3i5F 
	

(5.3) 

F 

the change in linear elastic compliance. AW2 represents the release in elastic energy 
in the specimen which is used up in the work AW1 of creating the new crack area. As 
we noted before, the total increase in energy during the crack advance from A to  B  
was 2AW2. Of this energy one half was used to create the increase of the crack 
(=SW°, the other half increased the stored elastic strain energy in the specimen. 

If we use equation (5.3) to eliminate ASF and then realising that AW1 = AW2, it is pos-
sible to solve equations (5.1) and (5.2) for GI and taking the limit as  Aa  -40, we find 

rz  F2  aC 
Gi= 2 b aa 

(5.4) 

_ 
where f -> F and  b  —>  b  as  Aa  —> 0. It should be noted that GI is independent of how 
F changes since any additional external work goes into increasing the stored energy 
and GI arises only from compliance changes, Williams (1984),  p  30. Using equation 
(2.7), i.e., IC12  = G1E', and rearranging equation (5.4) to obtain the fracture toughness 
yields 

ICI = F  Y 	 (5.5a)  

where 

y 	[ l a(CE ')  ] V2  

2b aa 
(5.5 b)  

5.2 	Basic equations 

We note, from figure 2.4, that the crack proceeds through the chevron notch with a 
trapezodial crack front, i.e., with an increasing crack front width  b.  Thus, for a given 
dimensionless crack length, a = a/W, the crack front width is given by  

b= B[ 
a— — ao  

[ al — ao] 
(5.6) 

If  Y  is made dimensionless, by defining  Y"  =  Y B  'NiTAT, the stress intensity factor in 
equation (5.5 a) can be written as 	 i  



where 

[ 
1 aC'(a) al —11/2  y„ (w/B, a,  ao, at) — 2 aa a — 

a°  

(5.7 b) 

ao = ao/W  

Y"min  

cc  

ipt 

KSR =  KI  (ac, Fmax)  
R-curve 

Fr <F2<F3  

	.a 
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Ki — iTVV,T
F Y"(w/B. cc, a°, (Xl) 
	

(5.7 a) 

and  C'  is the dimensionless compliance 

C' = CE'13 	 (5.7 c) 

DC' 
Wheras —

act 
increases with increasing a, the term [al — al  decreases. During the 

a — ao i  
early stages of crack growth the second term is dominant and Y"(wis, a, ao, al) 
decreases. Eventually, when the crack length reaches the critical value ac,  Y"  passes 
through a minimum, see figure 5.2  b),  so that  Y" 	(ao,  ar)  = Y"(ac, ao, al) . For 
a sufficiently brittle material the load reaches a maximum Fmax at Ymm", therefore  

Fina. 
ICSR = 	Y"rnin(w/s, ao,  al)  

(5.8) 

which is based on the assumtion of brittle material behaviour. 

aol ao2 ao3 

Fig. 5.2 a) Stress intensity factor Kr of a brit- 	b)  Typical  Y"  versus a 
tle material as a function of crack 

	
curve for SRCN 

length a, using a chevron notched 
	

specimens for different in- 
specimen. After Ouchterlony (1982). 	itial crack lengths ao. 
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The concept described above is explained in figure 5.2 a), which shows the fracture 
toughness ICI, plotted against crack length a. When the specimen is loaded a crack in-
itiates at the chevron tip a = ao. At load Fl. the crack will grow until the crack-growth 
force curve intersect with the crack-growth resistance curve, i.e., at point A. Further 
increases in load is required to extend the crack to point  B  and  C.  When the maxi-
mum load is reached the crack-growth curve is tangent to the  R-curve at point  D,  cor-
responding to the critical crack length ac. The tangent point also corresponds to the 
minimum value of  Y",  figure 5.2  b).  Thus, the  K-value at failure is equal to KsR, 
Newman (1984). 

To the authors knowledge there is no analytical solution for SRCN specimens 
reported, therefore different calibrations has been necessary for the derivation of 
Y"min  . To date, there excists at least five different ways of making these calibrations. 
However, only two of the methods are recomended by Newman (1984). The first one 
is a three-dimensional elasticity solution of the SRCN specimen. An example is In-
graeffa (1984) who used both finite element and boundary-integral equation methods. 
The other one is an experimental compliance calibration method. The most complete 
set of data is found in Bubsey et al. (1982) and Shannon et al. (1982). They have 
measured compliance changes on aluminium SRCN specimens, this means measure-
ments of  C'  in equation (5.7  c).  Following the notation in Ouchterlony (1985), we 
have for al = 1 

[19.98 — 9.540 (w/B) + 6.800 (w/B)21  

Y" 	= — [118.7 — 125.1 OW + 22.08 (w/B)2  ao  mi  
+ [379.4 — 363.6 (w/B) + 84.40 (w/B)21 

Equation (5.9) is valid when 05 ao 5 0.4 and 1.5 5 w/B 5. 2.0 

Values of Y"min  for al 1 may be obtained as 

a — ()to

r 

 
Y" 	(v1/13 ao al) = Y"Int (w/B, ao, 1) [  1 — a

o  min  

5.3 	Stress intensity factor correction formula 

Looking at the specimen in figure 2.4, simple trigonometrics gives 

½B  tan() — 
(al — ao) 

(5.11 a) 

(5.9) 

(5.10) 

or  

1  
at — ao — 

2 w/B tan() 
(5.11 b) 



+Aao  

A® 
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its use with equation ( 5.10) trades ai for 8. A first order Taylor series expansion of 
Y"mi , equation (5.10), about the standard configuration is 

aY%i  AW aYint  A cto  + ar'int 	(5.12) 
Y"min = 	+ 	+ 	 A 28 

a(w/B)s 	aaz 	a(29)s 

where the variations in W, ao  and 28 means 

—
w

= 145+ AW  
B 	B 

ao  = 0.332± Aao  

20 = 54.6 ± A (2C)) 

These independent variations are depicted in figure 5.3. 

+AW 

(5.13 a) 

(5.13 b) 

(5.13 c) 

-AW  

A 
Fig. 5.3 Meaning of the variation in the parameters which describe the SRCN 

specimen. 

To get the correction formula, the differentiations of equation (5.12) must be carried 
out. Recognising that the first term is obtained by differentiation of equation (5.9) and 
(5.9) it self with inserted standard values of aos  and WO, viz., 

= 29.112 (1 + 0.5962 e3  + 1.2349 A ao) 
	 (5.14) 
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The three last terms of equation (5.12) are derived by differentiation of the expression 
inside the brackets in equation (5.10) with al - ao  according to equation (5.11  b),  i.e, 

[  

1  
2w/B  tan() (1  —  a0)] 

 Yrni =  a  1/2 \iti  (5.15) 

and then simply added to equation (5.12). The separate differentiations become 

[ 	W/B- 2 	AW 

	

a 	. 11/2  1 [T y, 	 
-  

a 	1/2 = 	_ 1/2 [(1  — a0)r 2] 
 A ao [U 

	

aao 	 2w/B tan® 

a 	1/2= 	[] _ 1/21 	1  
—2  

2w/B sink) (1 — ao)
](— AO) 

inserting the standard parameters and converting A 8 from radians to degrees by mul-
tiplying with it / 180 yields 

s  
—0.3448 AW — Y

„ 
 mi 

B 

0.7486 A ao Y"smi 

— 0.0214 AO Y"ini 

(5.16 a) 

(5.16 b) 

(5.16 c) 

The parameter Acto  may be replaced by the use of A ao = A (ao/B) / (W/B), from 
Ouchterlony (1985) 

A ao  = 0.6896 	— 0.2288 
AW 

B 	B  

Putting all this togheter into equation (5.12) finally yields 

Aao  
Y"min = 29.112(1 — 0.2024 —

AW 
+ 1.3678 — 0.02149) (5.18) 

B 	B  

Equation (5.18) shows that the initial crack length, ao, is the most sensitive parameter. 
This is not unexpected since ao  is the parameter with the largest influence on the com-
pliance: a larger ao  gives a more compliant (softer) specimen and vice versa. In addi-
tion, the stable crack growth a 5_ (ac  — ao) , will become unstable when the applied 

(5.17) 
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moment of force about the crack tip reaches a critical value. Seeing that ao  is the ini-
tial moment arm, its effects on Y"flain and KSR must be substantial. 

An additional parameter that need to be defined is the critical crack length ac. Again 
using values from Shannon et al. (1982), these include experimental values of 
ac (w/B. ao, ai = 1) available in the range 0.2 < ao  < 0.5 and 1.5 < w/s < 2.0. The 
standard values aos  = 0.332 and W/B s  = 1.45 falls slightly outside. Following Ouch-
terlony (1985), an extrapolation can be performed so the W/B range is extended. The 
complete fitting is decomposed into three parts. First the interpolation of 

(W/B=constant,  (Lo),  to compute equidistant ao  values . This gives the possibility 
of a second fitting of ac(ao=constant, W/B). The extrapolated values, i.e., W/B=1.45, 
are estimated from from the latter fitting. Conclusive, a Langrangian fit of 2:nd order 
polynomials, equidistant in W/13 and ao, is performed. The whole process may be 
summarized as 

ac = 

and 

{0.3691 + 0.9363 ao  - 0.65 ccö 	w/B = 2.0 

0.3211 + 1.1675 ao  - 1.0656 aö W,43=  1.75 

0.2880 + 1.2068 ao  - 1.0549 aZ w/B = 1.50 

(5.19 a) 

+ 0.2682 (w/B) - 0.0520 (w/B)2 	ao  = 0.2 (5.19 b) 

(Lc= 

{0.2019 

0.3410+ 0.1956 (W/)_  0.0352 (w/B)2 	ao  = 0.3 

0.6428- 0.1040 (w/B) + 0.05l2 C%)2 	ao  = 0.4 

The complete fitting yields 

[0.371 - 0.215 (w/B) + 0.107 (W,)21 (5.20) 

ac = - [2.330 - 4.508 (w/B) + 1.433 (w/B)2] ao  

+ [7.485 - 10.528 (w/B) + 3.222 (w/B)2[ a(i 

valid in the interval 0.2< ao  < 0.4 	and 	1.45 < w/B < 1.75. 

In conclusion, differentiation of equation (5.20) result in 

= 0.570 &I°  (1 - 0.0675 -AW + 0.6358 -) 
(5.21) 

B 	B 

5.4 	Adjustment to FIFT 

Before the SRCN concept can be used to calculate toughness values on ice specimens 
two  detailes  must be examined: the influence of the F1FT method of loading must be 
decided and the LEFM size requirements must be ensured. 



a(x)= [,./  )(X  ac) ac 
1 +  N  
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5.4.1 Load line versus load area 

The above derivation of the stress intensity factor correction formula, i.e., equation 
(5.18), spring from the load line calibrations, perforemed by Busey et al. (1982) and 
Shannon et al. (1982). The load cushion applies pressure over a load area of circular 
shape, see figure 4.3. It is reasonable to believe that there will be a rather small effect 
of using a load area instead of a load line. This is due to the overruling influence that 
the initial crack length, ao, has over Y"mm. But to elucidate exactly how the altered 
way of loading changes Y"mm, a compliance calibration test  serie  has been per-
formed. It is made in line with Ouchterlony (1984) and described in chapter 6. 

5.4.2 Size requirements for ice specimens 

If fracture toughness testing of ice is to be interpreted in terms of LEFM, the size of 
the specimen must be large enough. This means it must satisfy constraints as equation 
(2.13). It is important to note that equation (2.13) is not a fully accepted criterion for 
the crack length in terms of the average grain size. But, according to Dempsey (1989), 
most previous studies have used sub-size specimens that are notch insensitive. Notch 
sensitive means that the stress and displacement fields surrounding the crack is 
described by LEFM theory. If a specimen is to be refered as notch sensitive the crack 
and uncracked ligament must thus be sufficiently long. The above study by Dempsey 
put forward analytical calculations regarding the dependence of the notch sensitivity 
on the specimen size. The approach provides a tool for a similar derivation for the 
SRCN specimen. The following accounting is thus based on Dempsey (1989). 

Fig. 5.4 The linear stress distribution assumption and the used nomenclature. 

The peak nominal tensile stress, chi, acting on the net section at failure (a = ac  and F = 
Fmax) is derived assuming a linear stress distribution throughtout the uncracked liga-
ment W- ac, see figure 5.4 above. Force and moment equilibrium gives 



Ca,SRCN — 
Y"min  

Z" 	 (5.28) 
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ra =  W 
F  = 	a(x) b(x) dx  

ae 

M= FW= 
ea = W 
	x)  dx  

ae  

Deriving the integrals and solving for  N  yields  

Fm.  
— — Z (ao, ac)  WB  

where  

(5.22 a) 

(5.22 b) 

(5.23) 

6(a0 —  1) [ao(ac  — 2) + 1]  
Z" (ma, ac) — 	 2 2 ($20% — 1) [ao(ac  — 6ac  + 6) + 2a0(2ac  — 3) + 

(5.24) 

Using the value for Fmax, provided in equation (5.8), in equation (5.23), the expres-
sion for the peak nominal tensile stress becomes 

KSR Z" 	 (5.25) vv7  y„min  

by defining a parameter 13f as 

ßf 
KSR 	 (5.26) 

7577/ 

it now follows that 

an 
— = Cn,SRCN ßf 

in which 

(5.27) 
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It is useful to note that ßf is related to the characteristic length, introduced by Hiller-
borg  et al. (1976), see Appendix  E,  as 13i2  E  Ich/W.  ich  may be looked upon as a 
measure of the brittleness of a material since it relates the crack resistance energy to 
the elastic. Therefore, the parameter ßf could be called a "brittleness number". The 
brittleness number can be used to ensure that a particular series of fracture tests will 
be notch sensitive. For brittleness numbers that are too high (3r> ßt"tr) the fracture 
tests are meaningless, a strength failure will occure prior to the attainment of a critical 
stress intensity factor. For lower ßf values tests are significant, but only if the crack 
lengths are within a certain  intervall.  Dempsey uses (3f to forecast the necessary 
specimen size for ice as 

—
an

< 0.4 
	 (5.29) 

at 

For a sufficiently large specimen size, ICSR may be regarded as a representative criti- 
cal toughness value KQ . In other words the requisite specimen size 	must be big- 
ger than a transitional size W. If Wa'' > Wtr, i.e., when ßf Nil, a fracture failure 
will occur. Thus, in terms of equation (5.27), the size condition (5.29) is equivalent to 
requiring that 

Wr's  (2.5Cn,SRCN)
2 

(
KQ

)
2 

Cit  

(5.30) 

Note the similarity to the small-scale yielding requirements stated in (2.10). The stand-
ard value of Y"min = 29.112 for aos  = 0.332 and acs  = 0.570 giving Z" = 30.494 and 
Cn,SRCN = 1.047. The tensile strength at ,for  dav  = 3 mm, = 0.965 MPa, Currier and 
Schulson (1982). Assuming that ICQ = 120 IcPa -VT-ri gives the required specimen size 
for the SRCN specimen as 

= 106mm  (5.31) 
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6. 	EXPERIMENTAL COMPLIANCE CALIBRA-
TION OF THE SRCN SPECIMEN 

6.1 Introduction 

The load cushion applies pressure over a load area of circular shape, see figure 4.3. 
For an application to 1.11-(1, the SRCN specimen must be calibrated for a load area 
manner of loading. 

It is reasonable to belive that there will be a rather small effect of using a load area in-
stead of a load line. This was realized by Ingraeffa (1984), who computed and com-
pared work done by a line load to a lumped load with equal ao  values. The difference 
turned out to be less than 1% in the most extreme case.What's more, results from a 
Boundary Element Analysis by Matsuki et al. (1989) show that the compliance dif-
ference between to separate load areas are almost constant. This implies that Y"min 
should be insensitive to the way of loading since it is the derivative of the compliance 
that appears in the definition of  Y"  in equation (5.7  b).  But, to verify exactly how the 
altered way of loading changes Y"min, a compliance calibration test  serie  has been 
performed. 

6.2 	Experimental procedure 

Three specimens were taken from a 200 mm diameter PolyPropylene (PP) cylinder. 
PP was the only commercial polymer available with the demanded* size of  B  = 200 
mm. Details about PP can be found in Williams (1984), these are in short: KIc 
remains approximately constant with temperature at about 4 MPa mla with brittle 
failures observed at 20°C. The small-scale yielding limiting thickness, equation 
(2.7), = 61 mm at 20°C. All specimens are within this criterion, see figure 6.1. 

The absolute sizes of the diameter  B,  and the length W, were varied to provide load 
area to diameter ratios, AL/B, of 0.27, 0.54 and 0.81. A 22 nun slot was machined 56 
mm deep into the specimen front face to accomodate the load area. The distance from 
the working point of the load area to the end of the chevron, al, was always keept so 
ai/W = 1. 

The experiments were run with the field instrument which is described in chapter 4. 
This gives a constant AL value of 54 mm see figure 6.1. 

One of the requirements of the compliance calibration was that the maximum 
size of the test specimen should be approximately equal to the standard size,  
B  = 193 mm, of the ice specimens. 



Load area 

Wii1 ALIII 
(rninhrinil (minhnnü 

#C1 290/200 = 1.45 54/200 = 0.27 

#C2 145/100 = 1.45 54/100 = 0.54 

#C3 	96.7/66.7 -= 1.45 54/66.7 = 0.81 

Fig. 6.2 a) Measurements of crack length.  
b)  Experimental set up. 
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Fig. 6.1 Short rod chevron notched compliance specimen. 

The load point displacement, ISF, was measured with two clip gauges over 10 mm 
length. Two pairs of knife edges were attached to the specimens, one diametrically op-
posite the other, at the distance AL/2 from the mouth. The load cushion's line of load-
ing, i.e., the working point, was carefully positioned so it coincided with the knife 
edge line of measurement. The arrangement is shown in figures 6.1 and 6.2  b).  
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The load versus load point displacement curves were registered on a two-channel  X-
Y  recorder. To suppress errors, slope (compliance) measurements were taken as 
averages over at least two load cycles. This is in line with Ouchterlony (1984). Each 
cycle yields one value during loading and one during unloading, see figure 6.3.  

-0.4 
-100 

I 	i 	I 	I 	li 	I 	I 	1 
0 100 200 300 400 600 600 700 800  

SF 

900 1000 1100 1200 (P-In)  

Fig. 6.3 Examples of measured load vs. load displacement curves for specimen 
#C1. Slope readings are averaged over two loading-unloading cycles. 



42 	 EXPERIMENTAL COMPLIANCE CALIBRATION OF THE SRCN SPECIMEN 

The elastic modulus of the PP cylinder used was determined with dog-leg shaped ten-
sile specimens. To compensate for possible bending, two extensiometers measuring 
over 50 mm were mounted on each side at specimen mid-hight. The specimens were 
then fitted to an Instron servohydraulic machine. The mean value from six tests, using 
a cross-head speed of 1.7.104  m/s,  was 

P7,6 = 1356± 39 (MPa) 	 (6.1) 

The crack length, a, was extended incrementally to simulate the advancing crack. This 
was machined with a band saw and generally increased in steps so /la -- 0.05. The 
simulated crack was measured on both sides of the specimen and the average taken as 
the crack length, see figure 6.2 a). 

A complete tabulation of the compliance results are given in table 6.1, both as raw 
data and expressed in the dimensionless form  C'  = CE'B. The  C'  values are also 
plotted versus a in figure 6.4. 

Table 6.1 Experimental test data 

#C1 
AL/B = 0.27 

EB = 272 MN/m 

#C2 
AL/B = 0.54 

EB = 136 MN/m 

#C3 
AL/B = 0.81 

EB = 91.1 MN/m 

(itM/kN) _C C' a 	.. C funiikN) C' a C (unilkN) ' 
0.332 318.72 86.69 0.331 632.11 85.97 0.331 931.97 84.92 

0.393 356.06 96.85 0.396 719.91 97.91 0.398 1012.35 92.24 

0A53 403.04 109.63 0.450 828.32 112.65 0.452 1206.85 109.97 

0.501 500.02 136.01 0.499 1007.95 137.08 0.501 1493.46 136.08 

0.545 612.17 166.51 0.552 1237.08 168.24 0.546 1821.04 165.93 

0.600 734.10 199.68 0.599 1478.70 201.10 0.599 2240.44 204.15 

0.650 883.73 240.38 0.650 1794.14 244.00 0.651 2676.85 243.92 

0.702 1093.72 297.50 0.701 2210.86 300.68 0.701 3174.41 289.25 

0.749 1379.39 375.20 0.753 2817.10 383.13 0.750 3911.47 356.41 

0.802 1936.38 526.70 0.799 3906.39 531.27 0.803 5531.85 504.06 

0.848 3035.55 825.670 0.851 6168.76 838.95 0.849 8898.99 810.88 

9.901 6049.33 1645.42 0.898 12072.05 1641.80 0.901 20862.73 1901.01 

0.950 25037.91 6810.31 .0.948 49325.88 6708.32 0.950 71536.75 6518.43 
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Fig. 6.4 Experimental load point compliance values plotted in a In  C'  vs. a 
diagram, values are given in table 6.1. 

6.3 	Adjustment with compliance functions  

Fourth degree polynomials in a were fitted to the logarithms of  C'.  The accuratetness 
of the polynomials can be estimated with two factors. First there is the size of 
(3, ln C')Rms as a measure of random errors. Secondly we have the sign switch fre-
quency, ssf, as a measure of small systematic errors, see Appendix  C.  

The best fit to the  C'  data in table 6.1 with an exponential approximant is, for AL/B = 
0.27  

C, ..._ e(17.036 -  100.028a + 281.713a2  -  332.400a3  + 1442554 	(6.2)  

with (3, In C')Rms = 0.003 and ssf = 0.58 

for AL/13 = 0.54  

C,  = e(16.934 -  99.426a + 280913a2  -  332.504a3  + 144.7294 
	

(6.3) 

with  (å  In C')Rms = 0.002 and ssf = 0.42 

In 



I 
ao  

44 	 EXPERIMENTAL COMPLIANCE CALIBRATION OF THE SRCN SPECIMEN 

and for AL/B = 0.81  

C' = J16.959 -  99.677a + 281.389a2  332.860a3  + 1421.810a4) 	(6.4)  

with (A In C')Rms --= 0.002 and ssf = 0.42 

The above equations were differentiated to obtain dC'/da values. These were than 
used in equation (5.7  b)  to calculate  Y"  values symmetrical about ac, see Appendix  
D,  and then fitted by fourth degree polynomials. This gave the following Y"min  values 

Y"mm = 29.4947 for AL/B = 0.27 	 (6.5 a) 

Y"min = 29.2785 for AL/B = 0.54 	 (6.5  b)  

Y"min = 29.1763 for AL/B = 0.81 	 (6.5  c)  

This data can be described with a second degree polynomial, viz., 

AL 	AL 2 
Y"min = 29.8249 - 1.4341 —

B 
+ 0.7819 (—

B
) 

which is valid when 0.4 a 0.74. The standard value of the load area to diameter 
ratio is ALs/B = 0.28 since AL =54 mm for the load cushion and  B  = 193 mm for the 
standard ice specimen. Therefore, a variation in AL means 

—AL = 0.28  ± AAL  
B 	B  

(6.7) 

+AAL/2  

Fig.  6.5  Meaning of  the variation  of  the load  area  radius  AAL.  

(6.6) 
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If equation (6.6) is differentiated, it can simply be added to equation (5.12) as 

DYIn   AAL 
Y"min = Y"srni + 	 a(AvEos  B  

Thus, differentiation of equation (6.6) and (6.6) itself with ALs/B yields 

aY"in  AAL 	 AAL 
—  29.4946 (1  —  0.034 —

B
)  evos  101> 

Proceeding in the same way as done in section 5.3 with equation (6.8), equation 
(5.18) finally becomes 

.AW Aao  
Y"mm  =  29.112 [1— 0.2024

B  
— +  1.3678  — —  0.0214A®+ 

B (6.9)  
AAL 

+  0.0131 (1  —  0.034 —
B

)]  

Similary, the differentiated amount of sub-critical crack growth, see Appendix  D,  is 
given by 

aaZ  AAL 
 —  0.5927 (1  — 

AAL
)  a01,43) B 	 B 

valid when 0.4 5 a 5 0.74. If this is enterd into equation (5.21) the following is ob-
tained 

ao ac =  0.570 [1  —  0.0675  —
AW 

+  0.6358  — +  
B 	B  

+  0.0827 (1  —  0.0045 
 AAL)] 

 
B 

(6.11) 

6.4 	Discussion of results 

What is very clear, displayed by the equations (6.9) and (6.11), is that both Y"min  and 
ac  are more or less insensitive to variations in AUB. The effect of an altered way of 
loading on the stress intensity factor formulas seems to follow Matsuki et al. (1989) 
and Ingraeffa (1984). Consequently, the maximum change in Y"min  and fac  is found 
to be about 1.5% which is a result of the small difference of the compliance functions, 
equations (6.2) - (6.4). 

The estimated uncertanties in the load and load point displacement measurements are: 
The clipgauges are exact to three digits and the readout from the  X-Y  recorder gives a 
0.2% uncertainty in both the SF and F values. The collateral length measurements, see 

(6.8) 

(6.10) 
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fig 6.2 a), never gave a differance of more than 0.2 mm. This means a 4% uncertain-
ty, in the worst case, of the cc values. The elastic moduli measurement yielded the 
standard deviation of 39 MPa and coincided very well with data provided by the 
manufacturer where Ebend = 1300 MPa. 

The biggest source of error lies probably within the force application and estimation. 
The signal from the load-cell is amplified very accurately and is probably exact to 
0.1%. Altough stiff, the load cushion is not stiff enough compared to a servo 
hydraulic test machine. It was used because it gave information of the functionability 
and behaviour when used in ice, a similar low strength material. Therefore, it was 
judged that by taking some validity from the force measurements, the experiments 
should also provide other, as usefull, knowledge. It is hard to estimate the uncertanty 
in  AF,  but about 10- 15% seems plausible. The accurancy of the compliance es-
timates may be found with a logaritmic differentiation 

AC A5F AF 
C = 	+ F 

(6.12) 

Since  AF  is dominat AC  AF.  The uncertanty in the measured compliance values is 
thus 10- 15%. Seen from this perspective, will corrections of Y"rnin and ac  due to a 
1.5% variation in AL/B be totaly negligible. Thus, it can be concluded that a calcula-
tion of Y"nnn  can be done with equation (5.18) and of ac  with (5.21). 

More work is necessary, of cource, before this type of loading is thoroughly 
evaluated. But for this purpose, the experiments are trustworthy enough. These com-
pliance values were obtained from PP specimens, those in Bubsey et al. (1982), Shan-
non et al. (1982) and Ouchterlony (1985) were from aluminum specimens. Because 
PP is a relatively low strength material, i.e., Epp 0.002  Em,  non-linearity sets in ear-
lier. Slope readings tends to be lower, giving higher compliance values than the cor-
rect ones. However, only the linear parts of the load vs. load displacement curves, 
e.g., figure 6.3, were used. But, future work could be a more controlled test proce-
dure, i.e., using a servo hydraulic testing machine on aluminum specimens. 
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7. 	ICE TESTS 

7.1 Introduction 

The present experiments were conducted during two separate occasions, February to 
March of 1988 and April of 1990, with ice from the Gulf of Bothnia. The ice from 
1988 were used in preliminary tests of HE! 's function. It was more convenient to test 
1-.1h1 the first time in the cold rooms at the University then to perform the tests in-
situ, since the behaviour could be observed more closely with additional instrumenta-
tion. The results were then used to supplement and expand the analysis from the field 
results from the 1990 trip. On both occasions, the ice cores were taken from flat first-
year  landfast  ice 20 km east of  Luleå  city. The ice thickness varied between 0.62 and 
1.13 m. The crack orientation was such that the plane of the crack was perpendicular 
to the plane of the ice sheet. 

In the two preceeding chapters, detailed discussions, experiments and analysis has un-
raveled the necessary theories. The primary equations are brought together in the 
table below. 

Table 7.1 	Primary equations summarized from chapter 5 and Appendix  E.  

Fracture toughness 
Fm 	1.7  

KsR  = ITIZ7)VC  4  " min 	
(7.1) 

Correction formula 

Aa°B  — 

(7.2) 

Y"min = 29.1l2[1 — 0.2024  e  + 

— 0.02l4®} 
W 	AW 

1.3678 

where — = 1.45± 

ao 	Aac  
-tao  = 0.481 ±  

B 	 B 
+3,43  e  = 27.3* ± A® 
-6,e 

Critical crack length 
AW 	Aao  

(7.3)  ac  = 0.570 [1 — 0.0675 	+ 0.6358—B  1 

Loading rate  KSR  (7.4) K  l -- 
tf  

Strain rate 
• 0.05 10- 3  (7.5) EC —  

tf  
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7.2 	Preliminary tests 

The ice in the preliminary testing program comprised two separate groups which were 
taken from sea ice from the Gulf of Bothnia. The grain structure of the ice was deter-
mined by examening thin vertical sections. The structure was found to be essentially 
granular, see Stehn and Fransson (1988), with randomly, both vertically and horizon-
tally, oriented  c-axes. The average grain sizes, estimated with the mean linear inter-
cept method, were 1.70± 0.43 mm and 4.05 ± 0.58 mm respectively. The mean elon-
gation ratio, i.e., vertical to horizontal grain size, were 1.1 and 1.3 indicating ap-
proximately equal sized grains. Both groups were quite porous, as demonstrated by 
the average densities of 875.5 ± 7 kg m-3  at -1°C and 883.4 ± 22 kg m-3  at -5°C. 

The specimens were made from cores with a diameter of 193 mm. The manufacturing 
of the SRCN specimen slot with its chevron notch was machined with a band saw. 
The fabrication and test temperatures were -5•C and -10°C. To ensure that the cracks 
would be opened by a perpendicular force F, care was taken to achieve a proper 
specimen geometry with completely plane and perpendicular end surfaces. The tests 
were carried out with the field instrument. After testing the dimensions of the 
specimens were measured and each specimen was carefully examined. The splitted 
specimens confirmed, with the exception of #1.2, that the crack had indeed 
propagated along the chevron notch, as it was intended to do. For test #1.2, a 
transverse failure occured in one of the "arms" of the SRCN specimen before a proper 
evaluation of the fracture toughness could be made. Ouchterlony (1985) has described 
this phenomenon for specimen of rock. 

The crack opening displacement, ECOD, was measured with two electrical displace-
ment transducers (LVDT's). A discussion of the test method is available in Stehn and 
Fransson (1988).—The maximal load, Fmax, ScoD and the time to failure,  tf,  were 
determined from the load and displacement versus time records. The curve for test 
#2.3 is shown in figure 7.1. The load versus ecoD record for the same test is shown in 
figure 7.2. 
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Fig. 7.1 Load and Scop versus time for test #2.3 



0.02 0.04 0.08 0.08 0.1 0.12 0.14 
5COD (111m) 

F (N) 
250 

200 

150 

100 

60 

LVDT 
(7.6) 

8COD  

5COD  
8F — 3AL 

(1+ 

ICE TESTS 	 49 

Fig. 7.2 Load versus 8c0D for test #2.3 

The experimental results from the 12 fracture tests are summarized in table 7.2. Each 
test is identified by a group and sequence number followed by a addav  ratio, i.e., criti-
cal crack length/average grain size. S is the salinity estimated with equation (F.3) 
from measured meltwater conductivity at 20°C. Fmax  is identified as the maximum in 
the load versus time records where  tf  is the time to fracture. KQ, Ki and Cc were calcu-
lated using equations (7.1), (7.4) and (7.5). The  Som  values were measured at the top 
of the specimens at AL = 50 mm from the working point of the load. To account for 
this, the values in Stehn and Fransson (1988) is recalqulated according to the elastic 
beam theory, viz., 

Fig. 7.3 Recalculation of measured EcoD 
values to SF with beam theory. 

where SF is the load point displacement at fracture. The post peak force values are 
reduced according to equation (4.2). Accordingly Gw, the specific work of fracture, is 
calculated by computing the area under the load versus SF curve and dividing it by the 
area of new crack surfaces. 
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Table 7.2 Test data and results for sea ice SRCN specimens, preliminary program. 

# 
,,  actuav S  

(,  1)0 
Fmax  
04)  .  

ir  
(0  (kPa  m  

Ki 
(kPa  nt112  s» 

e.c.10-  6  
(s4) 

ÖF 	 
(mm)  

G W  
j ni2)  .1 

1.1 117 0.115 287.0 1.97 97.71 50 25 0.026 2.81 

1.2 96 0.143 208.0 2.26 64.56 29 22 0.029 2.17 

1,3 117 0.075 329.8 1.87 111.99 60 27 0.023 2.79 

1.4 114 0.072 299.7 2.05 103.60 50 24 0.030 3.31 

L5 113 0.088 325.4 2.05 108.33 53 24  nm nm  

1.6  nm  0.082 339.4 1.72 96.80 56  nm nm nm  
1.7  nm  0.228 309.0 1.59 88.35 56  nm nm nm  

LS  nm  0.334 241.3 2.28 70.34 31  nm nm nm  

2.1 45 0.222 299.4 1.44 86.97 61 35 0.025 2.80 

2.2 42 0.223 276.2 2.78 95.42 34 18 0.024 2.94 

2.3 44 0.308 266.3 1.50 73.49 49 33 0.026 2.53 
2.4 43 0.242 246.6 1.35 85.09 55 37 0.015 1.32 

Note  
nm  =  not  measured 

Although not every test showed the same linearity of the load versus ecoD curve as 
#2.3 did, all gave some indication that LEF'M could be appliciable. As noted before, 
there is very little information reported on sea ice fracture toughness in the literature. 
And since there is a great variety of ice types studied, it is difficult to make a com-
parison. But the low saline samples #1.3 - 1.6, with the highest KQ values, are at least 
comparable to freshwater values presented by, e.g., Nixon and Schulson (1986  b)  and 
Dempsey (1989). 

These SRCN specimens had cracks that varied in length as 42  g  ac/day, (W-ac)/dav 
117. Together with the large specimen size where 295 <W <307 mm, the size re-
quirements equations (2.13) and (5.31) are easily fulfiled. 

The  treshold  value Kt above which the fracture toughness is constant with loading 
rate, compare with figure 3.1, is according to Nixon and Schulson (1987) Kt 100 
Oa m1/2 s-1 for -5*C and Kt = 5 kPa mtL  s-1 for -10*C and in keeping with Bentley  
etal.  (1989) Kt 	601cPa mir2  s-1  for -1 to-10'C. The used range of loading rates 
seems a bit low to be sure of loading rate insensitivity. But it must be remembered 
that K1, as calculated by equation (7.4), give an approximate lower boundary value. 
However, the strain rates varies between 18 - 37. 10-6s4  and for strain rates greater 
then 1116  s-1, at least for freshwater S2 ice according to Michel (1978), the tensile 
strength is rate invariable. Thus, the loading rates are believed to be on the safe side. 
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Furthermore, it is possible to estimate the creep zone size with equation (2.9). Taking 
values for the variables as  B  = 1.62405  s'l  Pa-3,  E  = 8 GPa ( Young's modulus for 
granular ice) and a stress intensity factor of 90 kPa  Mia,  the maximal value of the 
crack-tip creep zone becomes 

'Tx  = 0.002  tf 
	 (7.7) 

where  tf  is in seconds. The longest time to failure, i.e., the time it takes the naturally 
produced macrocrack to propagate to the instability point, is 2.78 s. The maximum ex-
tent of the creep zone is thus only 5.5 mm, which is much less than the minimum 
dimension (the specimen radius). 

The specific work of fracture calculations are displaying values of Gw between 1.32-
3.31  J  m-2. These are, with a factor = 2, too large compared with 1.4  J  m-2 presented 
by Goodman (1979). Comparable values of Gic, the critical energy release rate calcu-
lated by equation (2.7), are 0.90 - 1.34  J  m-2. The largest inaccurancy occures for the 
COD measuring method and the corresponding recalculation according to equation 
(7.6). Another source of error is the relatively low stiffnes of the instrument that tends 
to magnify the area under the load 6F curve. 

7.3 	Field tests 

The grain structure of the ice was basically the same as found during the preliminary 
tests: essentially granular with occasional bands of columnar ice, 4-5 cm in length 15 
cm apart. See figure 7.4 

Fig. 7.4 Thin section potographed through crossed polaroids showing a vertical 
view of specimen #3.2 in the vicinity of ac. 
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The average grain size varied between 1.81 and 4.63 ± 0.47 mm with an elongation 
ratio of 1.3. The average density at -5  °C  was 883.2 ± 5 kg m-3. The test temperatures 
varied between -1.5'C and -3*C. 

All specimens, with the exception of #3.6, confirmed that the crack had propagated 
along the chevron notch, see figure 7.5. A transverse failure occured for #3.6, this is 
the same fenomenon that occured for specimen #1.2. 

Fig. 7.5 A splitted SRCN specimen. Note the roughness of the cracked surface 
within the chevron area. 

The manufacturing of the specimens were made in the field. A drilled ice core was 
placed in a hollow cylinder with premanufactured grooves, in principle a mitre box. 
The proper specimen length, W, and the chevron secant angle, 8, were then manufac-
tured with an handsaw, figure 7.6 a). A 22 mm slot 56 mm deep, had to be milled into 
the front face of the specimen to hose the load cushion and the stiffening plates inside 
the chevron slot. The milling was done with the same hand-held electrical drilling 
machine that operates the instrument, see section 4.2. The cushion was then fitted into 
the slot in the SRCN specimen and within 2-3 minutes the test was performed. The 
total manufacturing/testing time was approxemately 30-40 minutes. 
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Fig. 7.6 a) The plastic mitre box used for the manufacturing of the SRCN 
specimens.  
b)  Application of the instrument inside the slot of a SRCN specimen. 

Fmax  and  tf  were determined from the load versus time records provided by the Pico 
hi-recorder, see figure 4.5. A double check on Fmax  is possible due to the peak hold 
capacity of the amplifier. The curves for tests #3.6 and 3.8 are shown in figure 7.7. 

t (s) 
2 

Fig. 7.7 Load versus time records for tests #3.6 and 3.8. 
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Only test #3.6 showed the type of behaiviour displayed, by the dotted curve, in figure 
7.7, with a very slow increase of load with time and no clear load maximum. This 
must have to do with the transverse shear failure that occured. This showed up as a 
broken "arm" where the crack had veered of from the chevron plane and out in the 
arm. For both tests, and for some other specimens, there is a marked change in slope 
after approxemately 1 s. This change in slope could be due to a sudden setting of the 
load cushion. This could give rice to an unsymmetric loading configuration resulting 
in that the crack curves rather than running straight. However, no special features 
could be found when the specimens were examined after the testing. Another explana-
tion could be that the crack initiated at that point resulting in the sudden decrease in 
stiffness. The strain rates for these tests (#3.2, 3.5, 3.8 and 3.10) and the time to the 
crack initiation were almost the same. This indicates that the crack initiation occurs 
when the accumulated strain reaches a critical level. Unexpectendly, only one prelimi-
nary test (#2.4) showed the same behaviour, but for the same strain rate and oc-
curance time. The interpretation that a slope change could be associated with the 
crack initiation is supported by other work, e.g., Sinha (1982) and Mellor and Cole 
(1982), and discussed to some detail in Appendix B.2. 

The experimental results from the field tests are summarized in table 7.3 below. 

Table 7.3 Test data and results for sea ice SRCN specimens, field test program. 

# 
 	acidav 

S  
(Ps) 

Fm 
ax  

, 	(N)  
tf 
(s)  

K 
(1  I/2  ( tPa  In 	) _ 

•  
Kl 

 
(kPa  In

n 
 -  

"1-  (s') 
3.1 95 0.112 254.2 1.20 73.23 61 42 
3.2 95 0.298 178.9 1.32 54.46 41 38 

3.3 102 0.053 357.2 2.18 106.98 49 23 

3.4 56 0.170 257.6 1.67 80.42 48 30 

3.5 52 0.309 192.7 1.46 54.98 38 34 

3.6 40 0.122 60.6 2.31 20.62 9 22 
3.7 64 0.152 284.2 1.18 82.06 69 42 

3.8 68 0.218 167.2 1.49 48.57 33 34 

3.9 61 0.128 328.6 1.75 93.92 54 28 
3.10 90 0.310 172.0 1.31 52.76 40 38 
3.11 90 0.413 118.0 1.16 33.31 29 43 
3.12 88 0.376 152.9 1.23 45.94 37 41  

These tests shows essentially the same range of  a/d  av  ratios, loading and strain rates 
as was used in the preliminary program. Accordingly, the same conclusion about the 
validity of the tests can be made. 
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7.4 	Analysis of test data 

7.4.1 General 

The results were intended to quantify two matters. Primarily, the results should show 
the applicability of F11--1 to measure the fracture toughness and the reliability, in ab-
solute values, compared to earlier investigations. The comparisons are made in the 
previous section. With the results, it should also be possible to quantify at least one 
microstructural effect on the fracture toughness of sea ice. As elucidated in chapter 3, 
there are several effects on the toughness due to microstructure, the most significant 
on sea ice seems to be the porosity. Thus, the other aim with the tests was to study the 
porosity effect upon the toughness. 

Pores in ice, as in other brittle solids, may affect the mechanical properties. They 
occur naturally during formation of the ice cover in the form of air and brine pockets. 
The air bubbles are comparatively large with an inhomogenus spatial distribution. To 
determine the actual distribution and size, photographs were taken of back-lighted 
thick sections, 5-10 mm, of several specimens. The bubbles were, typically, of the 
same size as the grains, i.e., 0.5-2 mm, and approxemately 5-20 mm apart. The brine 
pockets show a completely different distribution, see Appendix A.1. Combined will: 
the fact that brine pockets or channels often are concentrated along the basal planes , 
the brine volume must play a more important role than air volume in reducing the 
strength. 

7.4.2 Porosity effects on fracture toughness 

Increasing porosity reduces the actual cross-sectional area of the material to be frac-
tured and hence should generally reduce the fracture energy. Most commonly used is 
a relationship of the type  

af 
= 1 — 

Go 

(7.8) 

where suf.  is the failure strength of a porous specimen, Go is the non-porous strength, 
i.e., the strength calculated for 'I' =0, and W is the porosity. This is the background of 
Assur's (1958) strength-porosity model, see Appendix B.3, and hence the square root 
of the brine volume as the porosity variable. Almost without exception has all pre-
vious investigations, on the porosity effect on the fracture toughness on sea ice, relied 
on this. 

However, fracture energy should generally be proportional to the actual solid area 
fractured. The relationship (7.8) relates the average solid cross-sectional area to the 
cross-sectional area of the porosity, Rice (1977). But, the crack will seek the path 

* 	The basal planes represents the preferential direction to shearing. 
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having the minimum  solid area, i.e., the maximum, not the average cross-sectional 
area of porosity. This approach results in a non-linear porosity dependent fracture 
toughness given by Rice (1977) as 

KQp = KQ0  InY  (7.9) 

where KQp is the apparent fracture toughness for a porous specimen, KQ0  is the frac-
ture toughness of a non-porous specimen and m is a theoretical exponent that depends 
on pore location, size and shape. Knudsen (1959) have found that experiments on 
porous aluminium, steel and iron follows equation (7.9), the same is indicated by Rice 
(1977) and Rice et al. (1978) for different ceramics. 

A reasonable assumption for sea ice pore shapes are: (air) spheres and (brine) 
cylinders. In figure 7.8 are m-values for these two pore types given. 

ma = 3  mb = 7 

Fig. 7.8 m-values for spheres 
and cylinders stressed 
normal to their long 
axes. After Rice et al. 
(1978). 

     

      

air 	 brine 

Following the discussion in Brown et al. (1964) the m-value is decomposed to incoor-
porate the contribution made by the two pore types, viz. 

m - 
	rnbVb + rnaVa 
	 (7.10) 

where Vb iS the relative brine volume (ppt) and  Va  the relative air volume (ppt). The 
calculation of Vb and  Va  as functions of temperature, salinity and density are made 
with the equations in Cox and Weeks (1982). The actual values of the brine and air 
volumes are presented in table 7.4. 

Table 7.4 Relative brine and air volumes for all test specimens. 

# 1.1 1.2 1.3 1.4 1,Z 1.6 1.7 1.8 2.1 22 2.3 2.4  

Va  (opt) 47.7 46.3 46.9 33.3 54.5 19.7 29.4 74.2 26.9 17.6 56.5 50.0 

Vh (ppt) 1.08 1.35 0.71 0.69 0.82 0.56 1.54 2.15 1.19 1.21 1.60 1.27 

# 3,1 3.2 3.3 3.4 3.5 3.6 3.7 3.8 3.9 3.10 3.11 112  
Va  (ppt) 34.8 43.6 28.8 36.2 35.5 40.7 33.8 39.5 39.1 41.2 38.8 52.3 

Vb (DPt) 2.63 2.82 0.51 1.62 2.95 1.16 1.45 2.67 1.22 2.94 3.93 3.52 
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Two interpretations of equation (7.9) are possible: ma  and  mb  have values according 
to figure 7.8 or, based on the discussion above that the air volume has no effect, i.e., 
ma =0. These two versions of (7.9), with m-values according to (7.10) based on the 
actual porosity values in table 7.4, becomes 

KQp = K 0  e 316'' for ma =3 and  mb  = 7 

KQp = KQ0 e--031Vb  forma=0andmb=7  

A regression analysis was performed upon the test data assuming the same type of ex-
ponential relationship as above. The best fits, excluding tests #1.2 and 3.6, are given 
by 

ICQp = loom e-0.0111  

with (A /nKQ)Rms = 0.303 and ssf = 0.19 

KQp= 129.l0 e 3  

with (A In KQ)Rms = 0.103 and ssf = 0.56. The test  tesults  together with the best fit 
curves and the theoretical curves are displayed in figures 7.9 and 7.10 

KQ • (kPa m1/2) 

: 	... 	
.............. 

—Equation (7.13 
• Equation (7.11 

0 
	

20 	 40 	 80 	 80 
	(ppt) 

Fig. 7.9 Experimental results. Fractin toughness versus total porosity,  ‘P  =  Va  +Vb 
where KQ0  = 100.09 kPa rn' in equation (7.11). 
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KQ . (kPa M112) 
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Fig. 7.10 Experimental resultijracture toughness versus brine volume, where 
KQ0  = 129.1 kPa m ' in equation (7.12). 

The test results together with the results presented by Vaudery (1977), Timco and 
Frecierlcing (1982) and  Urabe  et al. (1980), compare with figure 3.4, are shown in fig-
ure 7.11.The range of salinities (3-7 ppt) and densities (900-915 kg m-3) indicate that 
virtually all porosity was made up of brine (no air volume was reported). This is prob-
able why the previous results are related only to the brine volume. 

KQ (kPa m1/2) 

Fig. 7.11 Fracture toughness versus brine volume for present work and some pre-
vious investigations. 
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7.4.3 Conclusions 

What is clear, from figure 7.9, the magnitudes of (A /nPQ)Rms and ffs for equation 
(7.13) and the large discrepancy of the best fit compared to the theory, is the poor fit-
tnes to the experimental results. However, the best fit curve (7.12) is very close to the 
trend of the experimental results and to the theoretical relationship (7.14). The fact 
that they perfectly match must be an coincidence? These result supports that the brine 
volume, and not the total porosity, should be used as the porosity variable. 

It might even be possible that another brine volume related microstructural parameter 
controls the failure process in saline sea ice. This should be the subgrain size,  ds,  
which is defined as the distance between the brine pockets. Although,  Urabe  and 
Yoshitalce (1981  b)  investigated the influence of subgrain size on the fracture tough-
ness, see chapter 3, more studies need to be initiated to clarify this question-mark. 
One important detail to note is that caution should be taken in adopting relationships 
between toughness and grain size based on freshwater studies to interpret the be-
haviour of sea ice. This is due to the difference of the brine in the sea ice and its in-
fluence on the deformational processes in this multi-phase system. 

The agreement between this work and the previous investigations is not very good. It 
must be noted that different loading rates and test temperatures were used, see table 
3.1, and that the previous specimens probably are sub-sized yielding too high fracture 
toughness values.This work show a much stronger brine volume dependence than the 
work by Vaudery (1977), Timco and Frederldng (1982) and  Urabe  et al. (1980), 
eventhough their specimens was sub-sized the dependence is less pronounced. This is 
clearly a matter that has to be studied further. 

However, a significant aspect to remember with the analysis is that the tests has been 
performed on granular ice. Therefore, the results can only be applied to saline 
granular or frazile ice not to saline columnar ice since they differ in their fundamental 
crystal texture, the granular being equiaxed and the columnar consisting of elongated 
grains. This explainsa lot of the scatter in figure 7.11 since the previously studied ice 
was essentially columnar. 
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8. 	DISCUSSION AND CONCLUSIONS 

	

8.1 	Field instrument for fracture toughness tests on ice 

The complete test system operates very satisfactorily in the field. Field and laboratory 
test programs show that the system is reliable and the results obtained compare 
favourably with those presented in other work. 

Since all temperature sensitive equipment, i.e., the data acquisition system and the 
power supply are placed inside an isulated box, and the total weight of the equipment 
is only15 kg, it is very easy to use. The simple test procedure, including the prepara-
tion of ice specimens and the necessary measurements (failure load and geometrical 
configuration of the SRCN specimen), makes it possible to obtain representative 
toughness values directly. 

The field instrument is surprisingly stiff, as indicated by the fracture energy tests, but 
this situation can be improved. Two instrument design details reduce the stiffness: 
The housing, see figure 4.2, is not perfectly sealed. However, the most important fault 
is that the cushion expands, where it should be rigid, after the instability point has 
been reached. Some lack of stiffness can be corrected by the use of equation (4.2), but 
a different load cushion design is preferable. An improvment would be obtained if the 
side of the cushion, where the load cell is placed, is made rigid so that only the other 
side moves during the expansion. Thus, all deformation would occur relative to the 
rigid side. If the moving side of the cushion could not "explode" when crack growth 
becomes unstable, the damping effect of the cushion should be minimized and hence 
the stiffness increased. 

In many situations "on the ice" the environmental action, i.e., low temperatures, snow 
drift, water on the ice etc., can be very severe. To be able to perform reliable tests, a 
simple test procedure is cleary necessary. The SRCN specimen is an efficient "field" 
specimen but is also a good alternative for laboratory studies. It's greatest advantage 
is easy preparation and that no crack opening displacement measurements is needed. 
Since it produces it's own naturally sharp macrockrack, no initial precracking or 
crack sharpening are required. In terms of equation (3.1), the SRCN specimen will 
yield accurate KQ values close to beeing true material parameters. One important 
question remains unsolved. Is the failure of ice SRCN specimens governed by crack 
nucleation or crack propagation? Materials such as rock and ceramics follow the 
theory for a stable crack growth down to ac. But if the crack propagation stress is ex-
ceeded before the crack nucleation stress then failure is governed by the stress for 
crack nucleation and the failure is very brittle. In the latter case, initial stable crack 
growth does not develop and the failure occurs from the vicinity of the tip of the chev-
ron. Even for the warmest specimens, the failures were very brittle. However, the frac-
tured surfaces within the chevron area, see figure 7.5, showed a difference between 
the upper parts and the lower parts. This indicates that stable crack growth had indeed 
occured in the upper parts, above ac. Clearly, this matter should be investigated fur-
ther. 
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The fracture toughness evaluation formula, equation (7.1), has its limitations: It is 
derived from an LEFM theory for completely brittle material behaviour. Ice is not an 
"ideal" brittle material (which material is?), it creeps at all stresses but can be extreme-
ly brittle if the stress or stress rate is high. LEFM is limited to the case of small-scale 
yielding and requires a large crack length compared with the grain size. Due to these 
limitations, the specimen size must be large to ensure predominantly elastic be-
haviour. This study enlightens, to some extent, the uncertainty about the usefulness of 
LEFM theory applied to the fracture of ice. The linearity of the load versus koD cur-
ves and high ac/day values give indications that LEFM could be appliciable. The 
notch sensitivity study presenting the requisite size, equation (5.30), for small-scale 
yielding on ice must be confirmed from additional experimental work. No experimen-
tal justification supports equation (5.29). Accordingly, one can only speculate about 
the effect of different grain sizes and specimen geometries*. A thorough size-effect 
sudy, involving different grain sizes and ice types is required before equation (5.26) 
can be fully accepted. Furthermore, a refined stress distribution assumption, see figure 
5.4, could improve the analytical solution. 

8.2 	Porosity effects 

The fracture toughness of sea ice depends on many variables such as porosity, 
temperature, loading rate, ice type and crystallographic orientation. However, this 
work indicates that the porosity in form of brine volume is one, of the most important 
variables. The other should be the crystallographic orientation. 
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Fig. 8.1 Dimensionless brine volume and grain size versus fracture toughness. 

* 	Personal communication with Prof. Dempsey (1990). 
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Fig. 8.2 Dimensionless temperature and loading rate versus fracture toughness. 

To illustrate the correlation between the fracture toughness and the different test vari-
ables; grain size, brine volume, temperature and loading rate, all results obtained are 
given in figures 8.1 and 8.2. The variables are plotted non-dimensionally as 
davAdav=5 mm), VIAVb=4•5PPO, r(T=-15°  C)  and KV(KI = 75 kPa ma  s-1). 

A clear trend may be detected only from the brine volume values. Both the grain size 
and temperature show no trend at all. For most of the loading rates used, the tough-
ness appears to be constant. The trend is that the fracture toughness is loading rate in-
sensitive above 0.6 KV(KI 75) = 45 kPa ma  s-1. This coincides fairly well with 
Kt  = 60 kPa ma  s-1  given by Bentley et al.(1989) for freshwater ice. The only pos-
sible way to get higher loading rates is to increase the speed of the drilling machine 
that operates the instrument. It presently gives 1100 revolutions per minute. Double 
this figure would be appropriate. 

There is a striking lack of data on sea ice. Temperature and grain (subgrain) size ef-
fects should therefore be investigated further. There is no doubt about the strong brine 
volume dependence of the fracture toughness of sea ice. Eventhough the data so close-
ly follows that predicted by the theory, further experimental justification is needed 
before equation (7.14) can be accepted with confidence. 
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8.3 	Suggestions for future research 

The following improvemets in the H1--1 are suggested: 

• Redesign the load cushion and the housing to enhance the system stiffness. 

• Develop a better mitre box so that specimen preparation can be performed 
with an electric saw. The standardized geometrical proportions of the 
SRCN specimen would be obtained, with fewer geometrical imperfections, 
by the improving machining tolerances. 

• To thoroughly investigate the effect of AAL/B, a complementary com-
pliance calibration tests should be performed with a servohydraulic testing 
machine on aluminum SRCN specimens. 

To study the fracture mechanics on ice further, the following investigations are recom-
mended: 

• General tests to determine whether stable crack growth occurs in ice with 
special emphasis on stable crack growth in SRCN specimens. 

• A specimen size-effect study, involving different grain sizes and ice types, 
to ensure that LEFM theory is appliciable to ice SRCN specimens. 

• Parameter studies for the classification of sea ice and to determine the effect 
of microstructure on the fracture toughness and fracture energy. Special  at-
tendon  should be directed to check the validity of equation (7.14). 

• A stress state investigation to check whether different results are obtained 
when plane strain and plane stress loadings on ice are assumed. 

• A field program, including measurements of forces and fracture toughness, 
should be initiated. To quantify this, an analytical or numerical study of an 
ice structure interaction problem would be used. The aim is to provide a 
fracture mechanical solution and index values. These would be based on the 
fracture toughness and of fracture dominant failure modes such as crushing 
and radial cracking. 
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APPENDIX A: PROPERTIES OF ICE 

A.1 	Structure of sea ice 

Ice forms, of course, when water freezes. The atomic structure of the ice builds on the 
geometry of the water molecule: each oxygen atom is bonded by two hydrogen atoms 
to four other oxygen atoms, see figure A.1. The oxygen atoms become well bonded in 
layers of hexagonal symmetry but only one bond across to the next layer. This defines 
a basal plane, parallel to the layer structure, along which deformation, i.e., creep and 
crfacicing, preferentially takes place. 

Basal plane 

Basal plane 

Fig. A.1 View of crystal lattice of ice. The axis perpendicular to the basal plane is 
called the  c-axis. Large circles refer to oxygen atoms and small circles to 
hydrogen bondings. 
a) View perpendicular to the  c-axis.  
b) View looking along the  c-axis. 

Ice crystals are generally of extremely high purity. This is because very few impurity 
atoms have the right size to occupy lattice sites in the atomic structure of the ice crys-
tal. This is an important point to recognice when dealing with sea ice: although 
formed from a strong saline solution, the solid ice itself contains a negligiable amount 
of salt. During the freezing process, wedge-shaped grains grow down to the bottom 
layer. These grains are composed of pure ice platelets, about 0.5 mm thick, separated 
by layers of fine brine pockets, see figure B.1. Part of the brine drains away from the 
growth boundary of the ice, but part is mechanically entrapped in the ice structure 
giving the sea ice a net salinity. The numerous brine pockets form along the boun-
daries both between the ice platelets and between the grains. The pockets often form 
brine channels, which are extended vertically through the entire ice sheet. The chan-
nels serve as effective drainage paths back into the sea water. For granular ice, only 
brine pockets between the grain boundaries form, Richter-Menge et al. (1989). This is 
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probably due to that randomly oriented grains produce less brine channels than colum-
nar grains, Kawamura (1988). 

The fluid brine exists in a complex stable equilibrium with the surrounding ice. At a 
given temperature must the fluid within the pockets always be of just such a salt con-
centration that it coexists with the pure ice, Sanderson (1988). With the lowering of 
the temperature, part of the salt in the water in the brine begins to precipitate and is in-
corporated into the solid ice structure. For example, at -5°C ice coexists with a brine 
containing 80 ppt NaC1, while at -20°C the brine composition is 225 ppt, Weeks and 
Ackley (1982)*. A general presentation of sea ice properties are given in e.g. Michel 
(1978), Sanderson (1988) and Fransson et al. (1988). 

A.2 	Creep behaviour of ice 

Let's look what happens when a load is applied to a sample of ice. The ice  deformes  
in three distinct ways. The total strain  E  can therefore be additively decomposed into 
three components the elastic, delayed elastic and the steady-state viscous creep 
strains, viz., 
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Fig. A.2 a) Strain-time curve for a constant stress test.  
b)  Strain rate of ice under constant load as a function of accumulated 
strain. The consecutive minima represents the steady-state viscous creep. 
After Mellor and Cole (1982). 

* 	Equations incorporating the effects of temperature, salinity and density on the air 
and brine volumes can be found in Cox and Weeks (1983). 
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C = Ee 	(t)  + Ev  (t) 	 (A.1)  

This is shown in figure A.2 which displayes an initial instantaneous elastic strain, Ee, 

that is satisfactory given by Hooke's law. Then follows a transition state of decelerat-
ing creep,  ed  (t) , called delayed elastic strain. The deformation is not permanent, if 
the ice suddenly is unloaded it should, under ideal conditions, gradually recover all 
the deformations due to  ed  (t). The delayed elastic strain is proportional to 1/d, Sinha 
(1978) and (1983): the smaller the grain size, the greater the strain sustained for a 
given stress. As deformation progresses the creep rate approaches an apparently con-
stant minimum value,  Ev  (t), this is known as steady-state viscous creep. The steady-
state creep is in fact a minimum creep rate, marking a transition between the initially 
high strain rates, delayed elasticity, and the subsequently increase called tertiary creep.  

Ev  (t) is given by a however simple, but well documented and understood power law, 
e.g., Glen (1955) and Shyam Sunder (1989)  

ev  (t)  = P e  (A.2) 

where  n  is Glen's exponent in the range 2-4 for polycrystalline ice and  P  is a tempera-
ture and crystal type dependent parameter. These are the same parameters used to cal- 

culate  rur  in equation (2.9). 

As mentioned before, microcracking can be hypothesized to be the toughening 
process in ice, Nixon and Schulson (1987). What is the process that should be iden-
tified with the onset of microcracking? Crack nucleation, or the appearance of first 
cracks may be associated with: 

• The stress exceeding a certain level. Under  uniaxial  compression this ap-
pears to be about 5 MPa, under  uniaxial  tension 1-2 MPa, Mellor (1983). 

• The accumulated strain exceeding a certain level. Either at a level of total 
tensile strain as proposed by Seng-Kiong and Shyam Sunder (1985), or at a 
critical level of delayed elastic strain as proposed by Sinha (1982). 

Experiments obtained from  uniaxial  compressive creep tests, indicate that the maxi-
mum cracking rate tends to occur during the delayed elastic creep stage, Gold (1972), 
Mellor and Cole (1982) and Cole (1986), this shows up as an "initial yield point" at 
strains in the range 0.05-0.5 %. Notable is that the minimum strain rate occurs at an 
accumulated strain of 0.8-1.0%, see figure A.2  b).  Mellor and Cole identifies this  ini-
tal  yield point with the onset of internal cracking, supported by detalied acoustic emis-
sion records. This is consistent with the results by Gold and Cole. Furthermore, at 
stresses exceeding roughly 1MPa no steady-state viscous creep develops and only at 
strain rates less than 10-7s-1  does the microcracking coincide with the minimum creep 
rate  ev  (t). 
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APPENDIX  B:  ASSUR'S STRENGTH-POROSITY 
MODEL 

When sea ice fails in tension or flexure, it is thought to break primarily along the 
brine cells.This is due to that the liquid brine reduces the effective cross-sectional area 
of the ice and because the brine cell geometry produces stress concentrations.  Assur  
(1958) presents an analysis of the strength of sea ice in terms of the brine volume Vb. 

Unfortunately, the parameter Vb is not ideal, as shown by Weeks and Ackley (1982). 
The brine pockets change with time and temperature. For cold sea ice (in the winter) 
the pockets are almost spherical. Most of the brine volume change occurs at warm 
temperatures. Resultingly, for warm sea ice (in the spring), gravitational brine 
drainage and brine expulsion developes almost circular cylinders.  
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in the  B-G  plane 

average distance 
between plates 

average spacing of 
brine pockets 
average length of a 
brine inclusion in 

the  G-direction 

average spacing of 

brine cylinders 
average length of 

brine pockets in 

the  B-direction 

Fig. B.1 Idialized diagram of the shape of the brine inclusions. The dimensions 
shown refer to the liquid brine. After  Assur  (1958). 

The failure strength,  af,  for porous sea ice is expressed as 

Gf 

ao  
(B.1) 

where ac, is the basic strength of non porous sea ice and iii  is the porosity in the area 
of the failure plane, viz., 
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lif = f (V) = f  (Va  + Vb) 	 (B.2) 

where  Va  is the air volume and Vb the brine volume.  Assur  expresses  jr  in terms of 
Vb, since it is concidered. that Vb >>  Va,  through a simplified model of the brine 
geometry, shown in figure B.1. 

The relative brine volume becomes 

_f_g__ Vb — 
ao bo go 

If a tensile stress is applied in the direction of the  c-axis, then the reduction in the 
cross-sectional area caused by the brine pockets is 

2rb g  

V — bo go  

Thus, the failure strength due to the reduction in cross-section becomes 

Of  = ao  (1 — 2rb g )  
bo go 

The question is: how does 2rb and go  vary with the brine volume?  Assur  shows three 
possible assumptions. 

• The first is to assume that the relative length of the cylinders, i.e., gig°, and 
the width of the brine pockets stays constant. In this instance  ri,  changes 
proportionally to Vb, viz. 

Of = Go (1 — Ci Vb) 	 (B.6) 

• The second assumption, which is commonly used, is that the average length 
and spacing of the brine pockets remain constant. The changes in brine 
volume are reflected only in the BC-cross-section. In this case, the resulting 
equation is  

af = GO (1 — C2 Vb1/2) (B.7) 

• The last assumption is that the brine inclusions remains geometrically 
similar during changes in brine volume. This would lead to an equation of 
the following form  

af= ao (1 — C3 Vb) 

(B.3) 

(B.4)  

(B.5)  

(B.8) 
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To estimate C1-C3 in the equations above,  Assur  presents some specific models. To 
solve equation (B.7) he uses an eliptical or a circular cylinder model and to solve 
equation (B.8) a spherical model. 

Equation (B.9) have commonly given the best fit to measured data. But Mellor (1982) 
points out that the equation can not be routinely used if the structure is not columnar 
and if the orientation of the pore structure to the principal stresses is uncertain. Weeks 
and Ackley (1982) suggests equation (13.10) for granular ice types where the brine 
and air inclusions can be assumed to be randomly distributed. Since in such a case the 
relative plane porosity, iv, in any cross-section is equal to Vb and thus follow a linear 
function of Vb. 
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APPENDIX  C:  FITTING OF FUNCTIONS 

For the fitting of functions, the method of least squares is used. It is a suitable prin-
ciple since it reduces the influence of random measuring errors and is mathematically 
tractable. The method approximates a function, for example polynomials or exponen-
tial functions, so that the sum of the squares of the distances of some given points 
from the approximated function is minimum. For the case of a polynomial of degree m 

P(x) = b0 + bi x + +  bin  xm  

there are m + 1 conditions for  q  to be minimized 

	, 
atin 

 — o abo  

the residual sum of squares is 

fl 	 (C.3)  
q= E  (yi — p(xj))2  

j=1 

and the mean value of the residual sum of squares becomes 

1 1/2 	 (C.4) 
(AP)RmS =  (—n  q)  

or for a exponential alternative  

n 
1  

inP)RMS = [— (inYj — b2P (xj))
2

7  V2  
n j =  

Small systematic errors is estimated with a sign switch function, fss, see Newbery 
(1983) section 18.4.9. A sequence of m signs is determined, a + sign is recorded 
whether the measured value  y  exceeds the approximant  p,  otherwise a - sign is 
recorded. Then a count is made of the number of switches, no, from + to -. The prob-
ability of a switch should be 0.5, binomial distribution, if no systematic errors is 
present. Hence the sign switch function is written as 

no 	1 	no  
fss =-- 

[
(m— 1)

] 
 2 m— 1 

2 

(C.6) 

If fss differs substantially from 0.5, the choice of the approximant  p  shold be dis-
trusted. 

(C.1)  

(C.2)  

(C.5) 
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a 
1 at - a0

i dC/cla  Y"  
2 [ a - ao 

0.400 4.9118 249.3074 34.9935 

0.457 2.6720 481.0549 35.8522 

0.513 1.8453 647.9913 34.5794 

0.570 1.4034 737.1697 32.1643 

0.627 1.1322 784.2857 29.7988 

0.683 0.9516 950.7935 30.0795 

0.740 0.8186 1605.6826 36.2548  
The best fit approximation is 

Y"= 100.7- 896.7a+ 3728.7a2 - 6135.1a3 + 3479.6a4 	(D-1) 

ALAI = 027 
0:0 = 0.332 
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APPENDIX  D:  DERIVATION OF  Y"  FUNCTIONS 

From equations (6.2) - (6.4) compliance derivates with respect to a may be calcu-
lated. To calculate  Y"  values equation (5.7  b)  is used. This is shown for AL/B = 0.27, 
0.54 and 0.81 in tables D.1 - D.2 below 

Table D.1 	Derivates  of the experimental compliance values using equation (6.2), 
calculated symmetrical about ac  

dY" 
= 0: ac  = 0.6527 and Y"min = 29.4947  da  

Table D.2 	Derivates  of the experimental compliance values using equation (6.3), 
calculated symmetrical about ac  

Atiß = 0.54 
ao 0331 

a 
1 	al - ao, 

dC'ida  Y"  
2 IL a - ao 

0.400 4.8478 256.348 35.2523 

0.457 2.6548 487.349 35.9696 

0.513 1.8379 650.817 34.5852 

0.570 1.3996 734.340 32.0590 

0.627 1.1301 777.556 29.6431 

0.683 0.9503 946.987 29.9987 
0.740 0.8178 1618.756  36.3843 
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The best fit approximation is  

Y"= 102.3- 905.8a+ 3760.5a2  - 6196.6a3 + 3521.9a4 (D.2) 

dY" 
= 0: ac  = 0.6521 and Y"min = 29.2785  da  

Table D.3 	Derivates  of the experimental compliance values using equation (6.4), 
calculated symmetrical about ac  

AUB= 0.81 
0,0 = 0.331 

a 
1 ai - ao 

dC'ida  Y"  2 [ a - ao1  

0.400 4.8478 249.6001 34.7852 
0.457 2.6548 476.7644 35.5769 
0.513 1.8379 637.7987 34.2376 
0.570 1.3996 720.6645 31.7591 
0.627 1.1301 763.8337 29.3804 
0.683 0.9503 930.1627 29.7310 
0.740 0.8178 1588.2393 36.0397  

The best fit approximation is 

Y"= 95.24- 857.0a + 3625.6a2 - 6027.1a3 + 3441.7a4 	(D3) 

dY" 
= 0: ac  = 0.6519 and Y"min  = 29.1763  da  
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APPENDIX  E:  DETERMINATION OF LOADING 
AND STRAIN RATE 

Based on the initial linear portion of a load versus (crack opening) displacement 
diagram, an approximate loading rate is possible to define by stating that K1 = KsR at 
the evaluation point. Thus, 

• KSR 
KI  

tf  

where  tf  is the time to fracture. 

The strain rate, in the vicinity of the crack-tip, can be estimated with an assumption 
that the response is puny elastic, i.e., the deformation rate is enough for the strain rate 
to be written as 

• 1 	kl 	1  e= cr = 27c-7trE- 

where rd is the size of the process, dissipative, zone. Two possible assumptions on the 
size of rd is at hand. Either, rd could be the maximum extent of creep defined in equa-
tion (2.9) or, rd could be equal to the microcrack zone that can be described with the 
characteristic length, 6, introduced by Hillerborg et al. (1976). 

The plane strain value for  SI  in equation (2.9) is used since the work by Raju and 
Newman (1984), displayed in figure 2.2, indicates that plane strain conditions prevail 
over the crack width. Taking values for the variables as  P  = 1.62 10-25  Pa-3s-1,  
E  = 8 GPa ( the elastic modulus for granular ice), the strain rate estimated with 

rd = rrci-ax  is expressed as 

• 3.2241O  
E 

tf  3/ 2  

(E.3) 

The characteristic length,  Ich,  is an intrinsic material parameter that governs the size 
of the fracture process zone.  

'eh - 
E  Gic 
	 (E.4) 

01.  

where at is the tensile strength. From Currier and Schulson (1982) the tensile strength 
as a function of grain size is found. For  dav  = 3mm, at = 0.965 Mpa. Using 1) = 0.3 
and equation (2.7), the strain rate estimated with rd =  Ich  is given by 

(E.1)  

(E.2)  
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• 0.05010 3  
tf 

(E.5) 

Which one of the to above equations is the best estimate of the strain rate? With the 
discussion in Appendix B.2 taken into account, it would be equation (E.5). If we look 
at the absolute size of rd, estimated either with equation (E.3) or with (E.5). For a 
comparable time to failure,  tf  = 2s, the creep zone estimate has only developed a size 

of rd = ricnrax  = 0.007 mm, while the microcrack zone has become rd =  Ich  = 15.46 mm. 
It has been shown, Cole (1986), that microcracks, in the same order as the grain size, 
nucleates ahed of the crack. The investigated ice had grain sizes that varied between  
dav 	2— 5mm. The characteristic length gives a much better order of estimate than 
the creep zone size. This further supports that equation (E.5) should be used. 
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APPENDIX F: SALINITY MEASUREMENTS 

The salinity of sea water is the concentration of all salts dissolved in it. The ratios be-
tween the main salts are constant, thus the total salinity of a given water can be found 
once the content of one of the main elements has been determined, Zubov (1943). The 
total weight of salts in gams per kilogram of sea water is estimated with the formulae 

S= 0.072 + 1.811 Cl 	 (F.1)  

where S is the salinity in ppt and  Cl  is the chlorine content, the dominating halogen, 
in ppt. The chlorine content is a determinable quantity that lets us estimate the 
salinity. However, the common method for determining the gross salinity of sea ice 
samples is to measure the meltwater conductivity. The conductivity of salt water is a 
function of the salinity, temperature and air pressure. The conversion from conduc-
tivity to salinity can be made by the system of equations in presented in UNESCO 
(1983), the salinity range is between 2 and 45 ppt. Unfortunately these equations are 
not feasible to use in a practical way: they require that three different measurements 
are performed and are very tedious to compute. 

The mean surface salinity in  november,  when the ice forms in the northern part of 
Gulf of Bothnia, is less than 3 ppt. The incorporated brine in the ice structure is even 
less, e.g., Fransson (1987) and Weeks et al. (1989). Knowing the range of validity for 
the salinity determination, it is clear that the UNESCO algorithms are not usefull for 
ice from Gulf of Bothnia. Furthermore, the UNESCO equations are derived according 
to the rule of constant salt composition, i.e., standard sea water with S = 34.32 ppt. 
Meltwater from ice samples collected from Gulf of Bothnia is an exception to this and 
departs from that rule for the following two reasons: The ratios of the ions from costal 
brackish waters differ from standard sea water, making a difference of up to 5-10 ppt 
in the estimated salinity. Once a solid salt crystallizes in sea ice it become relatively 
immobile, being trapped in the tortuous walls of the brine pockets. However, the 
remaining brine can still drain slowly out of the ice. This differential drainage of the 
components of sea water will change the ratios of the main element elements in sea 
ice, Weeks (1982). 

To establish the conductivity-salinity connection, ice samples from three different 
parts of northern Gulf of Bothnia were examined. The conductivity was measured at 
20  C  water temperature with a portable conductivity meter, type Jenway model 4070. 
The salinity was determined by evaporation of the melt water. The water was poured 
into a shallow, light weight allumimium basin, weighted and put into an oven. The 
oven was set to + 90°  C  and the water allowed to evaporate. The volume of water was 
such that the solid salts left on the bottom of the basin could be measured with an ap-
propriate accurancy. The salinity was then found with the following relationship 
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S — 
	Ms 
	 (F.2) 

where Ms  is the weight of the salts and Msw  the weight of salt water. Both the salt and 
saltwater was determined with an accurancy of ± 5mg. 

A regression analysis was performed upon the data assuming a polynomial relation-
ship. The best fit is given by 

S = 0.00573 lc 0.672 
	

(E3) 

where S is in ppt and lc, the conductivity, in 10-6/ fm, (i.t.S). The correlation coeffi-
cient for this curve (r2) is 0.99 and ssf = 0.67. The test results together with the regres-
sion curve and the UNESCO algorithm are displayed in figure F.1 

S 4 (ppt) 

1 -i- 

Msw — Ms  

0.4 — 

0.2 — 

• • • 

. Measured values 
— Equation (F.3) 
• • UNESCO (1983) 

()IS) 

    

A 	 

 

     

0 	200 	400 	600 	800 	1000 	1200 	1400 

Fig.F.1 Salinity versus conductivity obtained through evaporation of melted sea 
ice. 

Examining the figure, we see that the UNESCO algorithms underestimates the 
salinity and that the regression curve fits the the data well. 

The proposed relationship, equation (P.3), is felt to be more accurate for the low 
saline waters of Gulf of Bothnia than the UNESCO algorithms. Only one magnitude, 
instead of three, is measured and the computataion is more easily done. However, cau-
tion must be taken when using equation (F.3) at higher salinities where it starts to 
deviate from the measured values. 
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