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                            Summary

  Since  the  .experimentally proven inadeguacy of  static  approximation  to fast fracture and

crack  arrest  was  brought to light, a lot ofstructural  engineers  and  researchers  are  interested
in dynamic aspects  of  fast fracture and  crack  arrest.

  This papet gives firstly some  numerical  results  obtained  with the use  of  finite difference
method  to show  its usefulness  as a tool  to  analyze  dynamic fracture mechanics  problems.
The  results  of  numerical  computation  cornpare  well  with  the corresponding  analytically

solved  solutions  in terms  ofstress,  strain  and  energy  flow.

  Then  the  experimental  results  of  brittle crack  propagation and  arrest  on  structural

steels  are  analyzed  using  finite difference method.  The  material  toughness  against  fast
fracture is defined as a  function of  temperature  and  crack  velocity.  Using the thus  defined
fracture toughne?s,  crack  propagating behaviors are  predicted through  numerical  simula-

                        implies a  possibility to  develop sim                                                 ple methods  f6r crack           limitedtions  for some                 cases.  This

arresterdeslgn.

1. Introduction

  Arrest of  a  fast moving  crack  is ofinter-

est  not  only  frQm a  scientific  but also  from
an  engineering  point of  view,  Particularly

in designing large weld  structures,  steel

components  and  weldments  with moderate
levels of  notch  toughness  together  with
appropriate  combinations  of  crack  arresters

are  used  to  prevent extensive  and  catas-

trophic  failures of  the structure.  Current

ship  construction  rules,  for instance, lists
material  specifications  for steels  used  as

crack  arresters,  but the  level of  tQughness

reguirement  is rather  arbitrarily  specified

on  an  empirical  basis.

  For  relatively  short  arrested  crack,

static  approximation  using  linear fracture
mechanics  concept  or  arrest  toughness

concept  has yielded usefu1  results  for

*
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theoretical interpretations and  design appli-
cations  of  brittle ftacture propagation and

arrest  tests curre.ntly  in use.  Later experi-

mental  investigations using  very  wide
specimens,  however, have revealed  that

the  above  simple  interpretation is incon-

sistent  with  the experimental  results  in-

voiving  long arrested  cracks.  The  experi-

mentally  proven inadequacy of  the  static

approximation  has resulted  in a renewed

concern  today  over  the  theoretical  basis
for an  engineering  criterion  for ajrrest  of

a  fast moving  crack.

  In order  to  seek  a  more  reasonable  the-

ory  of  fast fracture and  crack  arrest  and  to

study  the  extent  which dynami'cal aspects

affect,s  the interpretation of  results  of  un-

stable,  fast crack  propagation arrest  tests

as  well  as  the philosophy of  crack  design,
the  authors  initiated a  dynamic fracture
mechanics  analysis  of  crack  propagation
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 and  arrest  with the  use  of  a  finite diIIer-
ence  method.

   Results of  a  numerical  expeiment  are

presented, and  experimental  results  fbr
structural  steels are  analyzed  and  discussed
in terms  of  dynamic fracture mechanics

analysis  with a  focus on  energetic  aspect

of  the  crack  propagation processes,

 2. Numerical Analysis ofFast  Moving

    Crack Using Finite Difference Method

   In order  to discuss the  fast crack  propaga-
tion  such  as brittle fracture, a  consideration

of  dynamic eflIects on  mechanical  aspects

are  indispensable. Sorne -theoretical ana-

lyses of  fast and  steadily  moving  crack  in
ari infinite plafe have been available,i),2),3)
but analyses  on  a  crack  propagating in a

finite body particularly non-steady  crack

propagation including crack  arrest,  are

quite limited. These are  so  complicated

that quantitative analysis  is almost impos-
sible  without recourse  to numerical  tech-

nique.  Numerical methods  are  usefu1,

because of  being able  to  deal with arbi-

trary  geometrical and  mechanical  boundary
conditions  even  if they  are  time  dependent.
  This followings give some  ,results of

numerical  experiments  on  dynarnic crack

propagation in two  dimensional elastic

body using  finite diflierence method.  The
conventional  eguations  of  motion  fbr in-
finitesimal strain  theory  of  elasticity  in

plane strain  state  are  solved  numerically.

Calibrating computation  of  the  coded

computer  program based on  the  finite dif
ference technique  was  run  fbr a  running

crack  which  is analytically  solved  by
Broberg3) and  the  results  were  found to

compare  very  well  each  other  excep･t  the

strain  and  stress values  in the  vicinity of

the  crack  tip.

2.1 EquationsofMotion

  The  eguations  of  motion  in a  two  dimen-
sional  elastic body are  represented  as

fo11ows:

                                  159

        pao2t:=Ooa.x+aaryxv

          02v              Ormv                   aav

        
Pra}'2---

 ox+oy  (1)
where  p is specific  density, and  u  andv

are  the  displacements in x  and  y  directions,
respectively.  The  elastic  constitutive  egua-

tions are  given by

        a.=  (A+pt) -aox+2 -ge'-

        a, ==a-gt/  + (a+pt) &'

        T.,==.(gg-+-Zi'1-)  (2)
where  X  and  u are  the Lame's  constants.

By substituting  eq.  (2) into eq.  (1), we  have

   
Oo2t:

 =:  c,E 
Oo2.:

 +(c,2-c22)  oOio"y +c22 
Oo2y:

   
Oo2t:

 
=c,2g.e,+

 (c,2-c,2) 
-aOin-2oU.y-+c,2

 g;Z
                                  (3)
where

 ci=,-Ka+2it)lp}i'2 : velocity  oflongitudinal

               stress  wave

 c,k-("!p )i'2 : velocity  of  transvers

               stress  wave

Eguations (3) were  solved  taking  the  x-axis

along  the  crak  line with  the  origin  at the

center  of  a  crack,

  Two  techniques,  that is, explicit  and

implicit method,  are  ayailable  to  solve  the

finite difEtirence equations  corresponding

to eq.  (3). The  former is easier  to be soived
but the solution  rnay  diverge unless  time

increment At was  taken  appropriately

smal1  enough.  The  latter, on  -the other

hand, require  larger computation  time  but
gives stable  and  more  accurate  solutions.

If a  relevant  time  and  geometrical incre-
ments  are  adopted  the  results  by the both
methods  agree  well  each  other.  In this

paper the  explicit  method  is adopted  to

save  computer  time  with  carefu1  choice
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of  time  and  spatial  increments.

  A  plate (2B× 2H) containing  a  crack

is divided by lattice with the mesh  size  of

h × h. Frprn eg.  (3) the displacement u
and  v at  the  nodal  point (x,y) and  at  the

time  (t+"t) ･are formulated as  follows:

  u(x,  y, t+dt)  ==2u(x,  y, t)-u(x,  y, t-At)

    +(!ih-At)2{u(x+h, y, t)-2u(x,  y, 
t)

     +u(x-h,  y, t)}+i(Cihdt)2{1-(.k,)2}

     × {v(x+h, y+h,  t)-v(x+h,  y-h,  t)

     -v(x-h,  y+h,  t)+v(:-h,  y-h,  t)}

     +(C2hAt-)2{.(., y+h,  t)r2.(x, y, 
t)

     .+Hu(x, y-h,  t)}

  w(x,  y, ttZlt)==2v(x, y, t)-v(x,  y, t-zilt)

     +(C2hdt.)2{.(x+h, y, 
t)-2v(x,

 
y,
 
t)

     +v(xrh,  y, t)}+t(CthAt)2{lr(.Sl]i)2}

     × {u(x+h, y+h,  t)-u(x+h,  y-h,  t)

     -u(x-h,  y+h,  t)+pt(x-h,y-h,,t)}

      +(gtt!t)2{,(.,  y+h,  t)-2v(x,  y, 
t)

      +v(x, y-h.  t)} (4)

The  displacement u, v at the time  (t+rit)

are  obtained  from the known  values  of

those  at  the  time  (t-dt) and  t. Thus value

of  acceleraeion  is assumed  to be a  constant

value  during the  period from (t-dt) to

<t-:-th) , The  time  increment dt is chosen

to  satisfy  the  inequality (c,tit!h)<i on  the

basis of  theory  of  stability  in numerical

iteration. Shmuely  et  al.4) reported  that

(CiZtlh) should  be less than  O.86 fbr the

solution  to converge  for the  Poisson's

ratio  v of  O.25, but the  upper  bound of

(CiAtfh)might be increased with higher
value  of  v  In this paper, (Ci"t/i:) 

=O.5
 and

v=O.3  are  adopted.

2.Z Some  Numerica.IEtxamples

Tokuo  TERAMOTO  andHitoshi  YOsHINARI

  2.2,1 A crack  suddenly  formed under

         unijiorm  tension

    The  variation  of  the normal  stress  dis-
  tribution ahead  of  the  crack  is examined

  when  a  crack  of  length 2a=11h  opens  up

  suddenly  in a  plate (2B × 2H,B=H=50h)

  subjected  to  a uniform  vertical                                 tensile

  stress  cr,. The  
'solution

 of  this problem
  is obtained  by tlie superposition  of  case

   (a): a  crack  in a plate is suddenly  subjected

  to crack  opening  pressure a,,  andcase  (b):
  the plate containing  no  crack  is under  uni-

  form tensile  stress  ao.  The  stresses  in the

  vicinity  of  the  crack  tend  to approach

  those  values  for an  infinite body until  the

  stress waves  reflected  from the  boundary
  reaches  the crack  tip region.  The  location

  of  the  crack  tip is assumed  the center  of

   the  square  mesh.  The  boundary conditic)ns

  are

      av="-ao,  T.v---O  lxlf.a and  y=･=･O

      v==O,  r.v;=.o  af･..pxis..B and  yi-=-O

      u=o,  =.,=:o  x=.o  and  o[.lyesff

      a.---o,  v.v---D  x,.B  and  eE[.lyrsi.H

      ab･=O,  "-,=O  f:lg.B and  lyi==If (5)

   The  displacements are  normalized  as  given
   by
           u...!g.r4 v.,!C.2e
              ou  h' Voh

   Figure 1 shows  time  variation  of  dimen-
   sionless  normal  stress  in the  .y-direction

         
  5

  4

tf 3g

  2

  1

  o

Fig. 1

      50  100 1so 200
            Cltth

Time  variation  of  dimensionless stress  at

three  fixed points ahead  of  a  crack
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 obe at  three fixed
 of  a  crack  which

 of  Fig, 1. The  dashed line is the analytical

 solution  f6r a  corresponding  problem in

 an  infinite body obtained  by Maue5).

 The  time  dependence of  the stress  oy  in the

 vicinity  of  the  crack  tip 
'is

 given as

        g,i=Yli/li2iic,+,))ViilZ- (6)
where  r is the distance of  the  point con-

sidered  from the  crack  tip. The  diflbrence

 between numerical  and  analytical  solu-

 tions  is probably attributable  to  the ambi-

guity in defining crack  tip position in
finite difference computation  and  also to
relatively  large size  of  the  mesh  h as  com-

pared with  crack  size  a, But  the  observed

(liflference  seems  to be small  enough  from
the engineering  point ofview.

   From  Fig.1 it appears  that after  stress

waves  pass through  the  points under  con-

sideration,  stresses  at  these points seem  to

attain  the  steady  value  until  the  arrival  of

reflected  waves  from the free boundary
of  the  piate. The  steady  values  of  stresses

at  various  points and  crack  opening  dis-

placement attained  at  the  period of  Citlk
=150

 after  sudden  application  of  pressure
are  compared  with those  for corresponding
static  case  as  shown  in Figs.2  and  3, re-

spectively.  Figure 2 shows  the  stress  distri-
bution in the  vicinity  of  the crack  tip along
the  lines I (y=O), II Cy=h12), III (y=3h12).
The  numerical  solution  seerns  to  agree

well  with the  analytical  one.

2.2.2 crackextendingataconstantspeed

  The  crack  extending  at  a  constant  speed

is simulated  by advancing  the  crack  tip by
one  mesh  every  specified  period. It was

found that  a  sudden  release  of  a  nodal

force at  the  nearest  point of  the  crack  tip

results  in more  or  less fluctuating crack

configuration,  especially  when  the  crack

propagates at  lower speeds.  Tp  avoid  this

fluctuation the nodal  fbrce at  the  nearest

         Study on  Fast Fracture and  Crack Arre$t

points A, B  andC  ahead  a=s･sh
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Fig.2  Stress distribution around

     steady  state

       30
               a=55h

             
""Sta

±icSoL.
    >Jc20

    
paU.FItf

       10 

'-.-.hs.

.bSi2S..=..=ttr=

11 12 1･

a  crack  tip in

sNxx

        O123456
                    Xlh

  
.Fig.

 3 Configuration  of  crack  opening  dis-

        placement of  a  crack  in steady  state

point of  the crack  tip was  decreased linear-
ly with the time  which  is relevant  to  the
･given

 crack  speed.

  The  problem solved  is a  crack  extending

at  constant  speed  in a  square  plate with
the size  of  B=H=70h,  The  stress  distri-
bution along the  crack  line and  the  configu-
ration  of  the  crack  opening  displacement
are  shown  in Figs. 4 and  5, respectively.

The  dashed lines are  the  analytical  solu-

tions  for an  infinite body obtained  by
Broberg3). The  computed  configurations

of  the craEk  opening  displacement (solid
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Fig,4  Stress distribution along  crack  line of  a
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 Configuration of  crack  opening  displace-

 ment  of  a  crack  extending  at  constant

 speed

 by the  improved  method  of  releasing

  fbrce is found to  agree  ･better with

Brobergs' atialytical  one  than  those

     from sudden  release  of  nodal

 .

   Energy

  to  date the criteria  for crack  propa-
  and  arrest  are  mostly  discussed on

basis of  considerations  on  energy  flow

 running  crack  tip. In order  to define

    toughness  of  a material  against

running  crack,  it is very  important to

  the amount  of  energy  dissipated

       epend  on  crack  velocity.

   Iaw of  conservation  of  energy  is

      as fbllpws during crack  propa-

Tokuo  TERAMOTO  andHitoshi  YOSHINARI

          D=  IJ--u-K  (7)
           dl);ri;'v-Au`dK  (7)f

  where  PV, CL KL D  and  A are  work  done by

   external  load, strain  energy,  kinetic energy,

   dissipated energy  and  their  incremental

   values,  respectively.  The  energies  which

   can  be estimated  by finite difference cal-

   culations  are  the  three  terms  of  righthand

   side  of  eq.  (7). and  thus  the term  D  can  be

   obtained  indirectly from those  three  which

   would  approximately  be equal  to  fracture

   energy  in case  of  fracture under  smal1

   scale  yielding.
     Further, to compute  PV, U  and  K  re-

   spectively  for a  cracked  body is rather

   complicated  and  besides there  is some

   possibilities to  introduce considerable  nu-

   merical  errors.  Considering that the  right-

   hand term  of  Eq.  (7)' is nothing  but the

   energy  available  for incremental crack

   advance,  it is egual  to the energy  required

   to close  the  crack  by that incremental

   value  which  is so  called  
``crack

 closure

   energy"  and  an  extension  of  the  technigue

   adopted  by Irwin6) in static case.  Thus we

   have incremental crack  closure  energyAE,

   as  expressed  by

           "Ec=daxJiZ',(t)  dv(t) (8)

   where  aor (t) and  v(t)  are  stress  and  displace-

   ment  at  the nearest  point of  the  crack  tip

    as  functions of  time,  respectively.  Figure  6

   shows  schematically  the relation  between

             Uy"(t)

      t)
     

Ftg. 6 Relation between  stress  and  crack

     opening  displacement at  point A
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1 Mechanical  pro,perties and  chemical  compositionsofKAS

163

Young's
Modulus

E(kg/mm2)

Density

P(glcm3)

Poisson'sRatiovYieldStrength

oy(kglmm2)

Tensile
Strength

U.(kg/mm2)

Elongation

(%)

20180 8.0 O.298 28 43 34

Mechanical Properties  of  KAS

C si Mn P s

O,11 O.33 O.75 O.022o.eos

                               Chemic

 qy (t) andv(t).  The  shaded  area  is the  work

 done dE,  during the  crack  extension

 by da  . Figure 7 shows  the  variations  of

 dissipated energy  D  obtained  from compu-

 tation of  W, U  and  K  as  compared  with
 the given speeds.  The  dashed 1ine is an

 analytical  solution  obtained  by Broberg3),

 and  E, agree  excellently  with the analytical

 one.  It is concluded  that  the  fracture ener-

 gy or  dissipated energy  rate  dDlda  can  be
 computed  more  easily  and  accurately  from
 crack       closure  energy  AF., than  from Ml,
U  and  K.

          O 5 10 15 20
                   aih

     Fig. 7 Variation of  disslpated energy

           with  crack  extension

3. Dynamic  Fracture  Characteristics of

    Ship Steels

  
An  experimental  investigation using  a

shiP    hull         steel  KAS  was  made  to clarify
the  fundamental aspects  of  brittle crack

al Composition (%)

 propagation and  arrest  in structural  steel,

 For  the  overal1  elastic  behavior of  brittle

 crack  propagation in structural  steels,  it
is assumed  here that  the  associated  energies

except  fracture energy  are  approximately

calculated  by elasticity  theory  as  men-

tioned  in the  fbregoing section  and  effects

of  shear  lips and  three  dimensional feature
of  a  propagating crack  front are  disre-
garded.

  The brittle crack  propagation tests

adopted  are  standard  size  and  large size

Double  Tension Test and  DCB  Test. The
latter two  were  carried  out  by Mitsubishi
Heavy  Industries, Ltd. and  Sumitomo
Heavy  Industries, Ltd., respectively.

  The  effects  of  specimen  size  and  type  of

loading are  examined  from these three  test

serles.3,1

 Etxperiment

3,1,1 Material

  A  15 mm  thick ship  hul1 steel  (NK code
KAS)  is used.  The  mechanical  properties
and  chemical  compositions  of  the steel

are  shown  in Table 1.

3.1.2 7lestingprocedure

  Two  series  of  standard  size  Doubie  Ten-
sion  Test are  carried  out,  i.e. flat terpper-
ature

 type  (SP series)  and  gradient temper-
ature  type  (SA series).  In the  SP series,
a  fast      crack  runs  completely  through  the
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specimen  width. In the  SA  series,  on  the

                                 and  isother  hand, a fast crack  decelerates
arrested  because of  an  increase of  material

toughness  due to temperature  gradient.
Figure 8 shows  the specimen  configuration

and  arrangement  of  crack  detector gages

and  strain  gages, The  specimen  consists

of  a  crack  initiation part and  a  500 mm

wide  crack  propagation part. The  specimen

is welded  to  two  30 mm  thick  pulling

plates, and  the total  length between two
loading pins is about  3000 mm.  The weld-

ing residual  stresses  are  mechanically

 relieved  by pre-loading. Uniform  tensile

Te!tPiectT

SubLcad1mpt

MalnLead

gut'3-t3-O'2-31.t.Lt:3-O8-,anso.

6S9400mo'seomofioa 6sg

Strain GAGE

Tokuo  TERAMOTO  andHitoshi  YOsHINARI

  variation  of  crack  velocity.  The crack  seems

   to  run  at almost constant  velocity  during

    Table 2 Experimental results  efSP  test series

MI,Tii-Ili,'Ztl,-i,-
 :

 Gl G3  G4 G5

  CD-GAGE

 ......-------------D16

          and  arrangement

to propagation part and  a

initiated from the  super-

 part by sub-load  and  is

     is measured  from the

       resistance  of  crack

  the  propagation part at

   Transient  variations  of

 the crack  extension  are

locations Gl  to  G5  shown

     conditions  and  mean

   are  shown  in Table 2.

      stresses  (12, 16, 20
) are  adopted  to  examine

      applied  stress  oo on

 Testmg  temperatures  are

   .'Figure  9 shows  the

Oe(kglmm2)T<oC)Ps(TON)d(m/s)

SP.120 -616.51100

SP-216 -6025.2rCURVE

SP-324 -608 850BRANCH
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SP-812 -4015 750
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Fig.8  
'

stress  is appl

brittle crack

cooled  

'
 

''

run  into the
  The  crack

change  in

detector
30 mm

the  strains

recorded  at

in Fig. 8.

3.1.3
   Thevelocities

Fourand
 24

the  incrack.6oec

 arid

 111SGIsu

Specrmen
of  crack  detector gages and  sttain  gages

 mltlatlon

     P

    the

   gages
  intervals.
     with

Results of  SP  series

 experimental

    obtained

different applied

  kg/mm2
fluence of  initial

 velocity.
      -4eoc

 me/02D3
  configuration

ied
 is

 ropagatlon  part.
velocity

  electric

  on

the

za-tug-o

1000

soa

"-- SP.7
-""

 ..'.t'-"tn.S:iL

/-..-.---xlx.)s,,ple,

  B=500mrn

          O O.5 1.0

                  at B

   Fig, 9 Variations of  crack  velocity  in SP
         series tests with crack  extension

crack  propagation. The  rnaximum  crack

velocities  obtained  in each  of  the experi-

ments  are  relatively  low (about O.2"ifor
7eflOOOm/s),  as  compared  to  so-called

terminal  veiocity  (O.38v<EZP'fe1890m/s)
obtained  by Roberts et  al7) also  to the

velocity  in large size  brittle crack  propaga-
tion-arrest  test  conducted  previously.
3.1.4 Results ofSA  series

  In order  eo  examine  the  influence of

initial applied  stress  oo  on  crack  velocity

using  Type  I temperature  distribution
shown  in Fig.10,  four diflerent applied

stresses  (8,12,16 and  20 kglmm2) are

adopted.  The  experiments  using  Type  II

and  III temperature  distributions as  shown

in Fig. 10, are  carried  out  at  o,=16kglmm2
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to examine  the  effect  of  temperature

gradient. The  experimental  conditions  and

main  results  are  shown  in Table 3･ TA,aA
and  K. denote temperature  at  crack  arrest-

ing point, arrested  crack  length and  arrest

         100
             1/SA-2,3.4

 
-
 H/SA-5

            11r,SA-6
          50
                     IH .1 ,1

        G
        

o-do

        s･
         

-50

         
-100

           O 1oo 2oo 3oo 4oo  500
                   mm

   Fig. 10 Temperature  distribution for SA

         senes  speclmen

toughness  based on  static  approximation,

respectively.  Figure  11 shows  the  varia-

tions  of  crack  velocity  with  crack  growth.
A  crack  running  rapidly  into the  propaga-
tion part begins to  decelerate and  is shortly
arrested  abruptly  due to  the increase of

material  toughness  with temperature.

 Table 3 Experimental results  of  SA  test series

Uo(kgirhm2)Ps(TON)TAe(cJb,(mm)Kc(kglmm32)d(mls)

SA-1820 -- - -

SA-21211 o280417650

SA-316 7 8305604750

SA-42020123207941000

SA-Sl62614373878850

SA-61612.54241492750

xN"s･U

:coo

5oo

x

  S-5

  ,SA,-.g/SA"

  SA-6

1V
 
il11

 1-

Fig. 11

O O.5 1.0

       atB

 Variations of  crack  velocity  in

 SA  series  tests
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 3.2 AnalysisandDiscussion
3.2.1 Dynamic  fhacture mechanics  analy-
                   J
      sis  witk  the use  offinite  dij[Terenee

      method

  The equations  of  motion  for two  dimen-
sional  elastic  body are  solved  numerically

with  the experimentally  obtained  time

dependent boundary conditions.  The  dila-
tational  wave  velocity  C, and  distortional
wave  velocity  C, are  about  5670 m/s  and

3100  m/s,  respectively.  Overal1 domain
including pulling plates are  subjected  to
numerical  analysis.  Mesh  size  h and  time

increment tit adopted  are  10 mm  and  1

ptsec ( Cidtfhi =O.567),
 respectively  and

the  explicit  method  is used  in analysis.

Because the  exact  boundary condition  at

grlps is not  known, analyses  are  made

under  both fixed load and  fixed grip con-

ditions.

  Assuming  that  the terrn D  in eq.  (7) is
mostly  the energy  dissipated in the  frac-
tuared  surface  layers dynamic fracture
toughnesS  KD  is defined as  fbllows by the
analogy  with static  case.

          KD='MN!I;1Illlllllliy2dDa' (g)

When  estimating  KD  using  eqs.  (7) and  (9),
however, the amount  of  D  sometimes

becomes very  small  as  compared  to  U
and/or  W, that  is the  order  of  1ff2 to

10"3 times  as  small  as  U  or  W, and  thus

an  accurate  estimation  of  D  can  not  be
expected  because of  inevitable numerical

error  in the  numerical  technique.  As de-
scribed  in 2, an  alternative  to compute

the  dissipated energy  rate  is provided by
considering  crack  closure  energy  "ff, .
Then  KD  is deflned in terms  of  liEe as

fo11ows:

  KD==N![ltllJl]Ilt-,-,"L,Fg=T-V-.E.,,fa,(tidv(t)I

                                 (10)
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3.2.2 Straindistribution

  Figure 12 shows  an  example  of  the co.m-

parison between measured  and  domputed

variation  of  strain  distribution during

crack  propagation. The  ordinate  indicates

the  change  in strain  from its initial value  e,.

The numerals  in the figure represent  the

time  elapsed  after  trigger  is stared.  Al-

ihough computed  strains  show  small

irregular fluctuation, general trend  of

computed  strain  distribution agrees  rela-

tively  well  with  those  obtained  from the

expenment.

  The  results  of  analysis  under  fixed grip
condition  does not  differ from those  under

fixed load cohdition  at al1. This may  be

attributed  to  the fact that  the  fast crack

ran  through  the specimen  or  was  arrested

before the stress  wave  reflected  from

            -  by  Experlment

       

     
/;''- o..

        

      -i

 Fig. 12 Comparison  between measured  and  com-

       puted variation  of  strain  distribution

       during crack  propagation

 specimen  outer  boundary came  to the

 boundary concerned.  But, as  shown  in Fig.

 13, the  difference between the  two  loading

 conditions  becomes evident  after  about

 520 "sec required  for the  reflected  stress

 waves  to arrive  at  crack  propagation line.

 This figure shows  computed  strain  distri-

 butions fbr both conditions  at  700  psecond

 in SA  series  after  a  crack  enters  into the

 propagation part. Judging from Fig.13,

 the  experimented  boundary condition  lies

 between fixed grip (solid mark)  and  fixed

 load condition  (open mark)  and  the  influ-

 
'ence

 of  boundary condition  is found to

Tokuo  TERAMOTO  andHitoshi  YoSHINARI

  be negligible  if crack  propagation and

  arrest  are  finished before arrival  of  reflect-

  ed  stress waves.  Therefbre, only  the results

  of  the  solution  under  fixed grip condition

  wil1  be referred  to hereinafter.

             SA-1
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-

 by Experiment
        

-10oo

  Fig. 13 Comparison between measured  and  com-

        puted varlation  of  strain  distribution

        during crack  propagation

  3.2.3 Energy changes  and  clynamic  ftae-
         ture toughness  KD

     Figures 14<a) and  (b) show  energy

  changes  due to crack  extension  under  fixed

  grip condition  in SP and  SA  series,  respec-

   tively. Static strain  energy  changes  are

   also  shown  in these figures for reference.

   It is generally observed  that part of  U  de-
   creased  with crack  extension  is transformed

   into kinetic energy  K  and  dissipated energy

   D  and  thus  both K  and  D  increase. It is

   natural  that  the decrease of  U  in dynamic
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case  is less than  those  in static  case  and  the

difllerence of  U  in twp  cases  becomes
larger with  the  inerease of  crack  length,
because of  necessity  of  kinetic energy

for the  former case,  It is impossible to

treat with  crack  propagation and  arrest

of  large crack  on  tlie basis of  static  appro-

ximation  for the  above  reasons.

  Figure 15Ca)  and  (b) show  the  variation

of  dynatnic fracture toughness  KD  with

crack  extension  in SP and  SA  series,  re-

spectively.  The  variation  of  crack  velocity

and  static  stress intensity factor for fixed
grip condition  are  also inclicated in each

figure for reference.  For SA  series  the  tem-

perature distribution is also shown  in the
same  figures. In SP series,  a gradual increase
ofKD  corresponds  to  the  variation  ofcrack

        SP-S
        Temp.=-4oec

   800

 :TE 600 
/.J"....-..LK,

 
riooo

  I'"4,,O,OIJt/?.i:..-.:'ii{L'YSi.e-.[t';':;..'.--Y.--';'JMK'ooo;/ut.,
                                o
     O 1oo 200 300  4co 5oo
                 a(mm)

       so 
SA-3

 
Temp.

     g･
     e
     8 

  :.- 6
  E 1000

  ;..4  5ooL

A

"':'
       ･v

     O 1bo 2oo 3oo 400 500
                 aCmm)

 Fig. 15(a),(b) Variation  ofdynamic  fracture

            teugliness with crack  extension

velocity.  Relatively large increase of  KD
with  crack  extension  in SA  series, on  the

other  hand, corresponds  not  only  to the

linear increase of  temperature  but also
to its crack  velocity  dependence such  as

observed  in SP series.  
'Ihe

 accuracy  of

measurement  of  crack  velocity  is poor
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just befbre crack  arrest,  because of  an

extended  plastic zone  ahead  of  crack  tip

and  plate thickness  contraction.  Therefbre,
two  types  of  crack  velocity  pattern shown
in Fig.15(b) are  input in the  analysis.

The  dashed line in this figure is assumed  to

account  for the  existence  of  lower bound
speed  proposed  by Ikeda8). There are

some  diflference of  KD  obtained  from tlie
above  two  crack  velocities  and  KD  tends

to  increase and  approach  K} rapidly.  This

shows  the importance ofaccurate  measure-

ment  of  crack  velocity  just' before it is
arrested.  But the  values  of  KD  are  always

less than  static  stress intensity factor K,
during crack  propagation as the case  with
SP series.  This is to be noted  comparing

with  the  situations  in DCB  test to  be men-
tioned  later.

3.2.4 Results of large size  double tension

      test

  Wide  plate double tenslon  test denoted
SI series  in this paper has been conducted9)
using  the same  material  at  Nagasaki Tech-

nical  Laboratory, Mitsubishi Heavy  Indus-

try  Ltd. The  resuits  of  two  testings  where

cracks  were  arrested  are  subjected  to  the

present analysis.  Figure  16  shows  the

energy  changes  due to crack  extension  fdr
the  modeled  test specimen  Cl600BX
6000LX  15t mm).  Spatial mesh  size  h
is 30 mm,  Figure 17 shows  the variation

of  KD  with  crack  extension.  The static

stress  intensity fac.tor 4  under  fixed grip
condition,  the  variation  of  crack  velocity

     

    6

    4

   ge   -1

    2

     
rest

    e roo 4oo  6oo  Boo  looo
                a(mm)

Fig. 16  Energy  changes  due to crack  extension
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and  temperature  distribution are  also
shown.  The  crack  velocity  ig almost con-

stant  during crack  propagation in these

tests and  thus  the･increase of  KD  is regard-

ed  as  corresponding  due to  temperature

gradient.
       SI-l
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Fig. 17 Variation  of  dynamic fractttre toughness

      with  crack  extension

3.2.5 ,Results ofD(;B  test

  Experiment  using  DCB  (Double Canti-
lqver Beam)  specimen  made  of  the same

material  was  carried  out  by Sumitomo
Heavy  Industries Ltd.9). Some  Qf the

results  are  now  analyzed  using  a beam on
elastic  foundation modeliO>  for simple

dynamic fracture mechanics  analysis.  The
DCB  te,st specimen  configuration  and  the

one  dimensional model  are  shown  in
Fig. 18 and  the  specimen  dimensions are

100HX  530L  × 15b.(mm).

  The  equations  of  motion  for the  beam
on  elastic  fbundation model  of  the  DCB
specimen  have their  origin  in the  theory

of  elasticity.  They  are  obtained  by exploit-

ing simplificatioh  suggested  by the beam-
like character  of  the  DCB  specimen  which

result  in eguations  similar  to  those  for the
Timoshenko  beam. In this  model  the  arms

of  the DCB  specimen  are  assumed  to be
Timoshenko  beams with  lateral and  rota-

tional  inertia. To  simulate  a  moving  crack,

each  spring or  the  elastic foundation is
systematically  removed.

  The  governing equations  fbr the  model

of  the  DCB  specimen  can  be written  as

TokuoTERAMOTO  andHitoshi  YOSHINARI

    

    

    

       i

            DCB  Spec/men

woa,"ee

            Beam  on  Elastic-Foundatien Model

Fig.18(a),(b) Configuration of  DCB  specimen

          and  beam on  elastic  f6undation
          model

  Ei-OoO'.Y,i,-+mGA<gt,"--ur)-ll"Krer==fiJ'Oe!,er,

     rc (;A(2:iK 
u'Z-/'1)-H'Kew=pA

 
O,2,l"

 al)

where

 w  
=
 average  deflectionofthecross section

 W  =  mean  angle  of  rotation  of  the cross

     section  about  the  neutral  axis

 I' =  moment  of  inertia (=bH3 112)
 A  =  area  of  the  cross  section

 G =  shear  modulus  (= 2oE+,) )
 K.  =  extentional  stiflEhess of  the  founda-
     tion  (=2EblH) 

'

 K, =  rotational  stiffhess  of  the  fbundation

      (=KGA12)
 K  =shear-deflection  coefTicient  of  the

      beam  (=10(1+v)1(12+11v))
 H'=  modified  Heavisible step  function

   The strain  energ>r  U  and  the kinetic

 energy  K  of  the  system  can  be expressed

 as  fo11ows.
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  u  == JLt (m (igl/)Z+. GA  (gl/ -T) 
z

     +H'(Kew2'leKrer2))dx

   K=LIi,{pA(-Oo't")""+pf(uOog)2}dx (12)

  The specimen  is slowly  loaded by forcing
a  split  wedge  between pins, Since the
wedge  loading is inherently stifE,  crack  ex-

tension  proceeds with essentially  constant

displacement at  the  load point. Under

this condition,  external  work  is zero.

Conseguently,

        dP  dU  dK

        7. 
==M7.

 

-
 da (13)

  By  substit,uting  Eq. (12) into Eq. (13),
dynamic fracture toughness  KD  can  be
wrltten  as

    KD-  1neE,,{K,w"(a)+ILer2(a)}  (14)

where  the bracketed term  represents  the

elastic  strain  energy  of  the  fbundation ele-
ment  just at  the crack  tip.

  Three experirnental  results  at  the  tem-

perature of  
-400C

 are  analyzed  using

the  finite cliffbrence  method  (FDM). The
mesh  sizes  in the  FDM  calculation  are

      dx=5mm

      At=O.7  1t sec

  As example  of  calculation  results,  Fig.

19(a) and  (b) shQw  the  variation  of  dy-
namic  material  toughness  KD  and  change

rates  of  strain  and  kinetic energies  with

crack  extension.  In the  case  of  Double-

Tension Test, KD  is always  smaller  than

4  and  tlie kinetic energy  K  increases
continuously  during crack  extension.  In
this case,  during the  first stage  of  exten-

sion  KD  is smaller  than  4  and  kinetic
energy  K  increases, but during the  latter
stage  KD  is 1arger than  K,  andKdecreases.

It seems  that  the  diflbrences between the

two  cases  depend on  the  diffbrence of  the
loading condition  and  the  specimen  config-
   ,uratlon.
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Fig.19(a)l(b) Variation  of  dynamic firacture

           toughness  and  energies  with crack

           extension  in DCB  specimen

  Perhaps the  most  important result  in

this  section  is that  fbr the  DCB  specimen

the  kinetic energy  is almost completely

recovered  until  the  crack  is arrested.

Namely' the kinetic energy  provides a very
significant  contribution  to maintaining

unstable  crack  extension  and  dynamic
consideration  is indispensable.

3,2.6 Materialtoughness characterization

  The  material  toughness  for fast crack

propagation is to be specially  characterized

by putting together  the  results  of  three

diflfbrent types  of  brittle crack  propagation
arrest  test. As  disctissed bef6re, the  mate-

rial toughness  is regarded  as  governed
by two  primary pararnetets, i.e, crack

velocity  d and  temperature  T, and  is ex-

pressed by

           
KD==f(a',T)

 (15)

NII-Electronic  



The Society of Naval Architects of Japan

NII-Electronic Library Service

The  Society  ofNavalArchitects  of  Japan

170TakeshiKANAZAWA,  Susumu  MACHIDA,

  The  relation  between KD  and  crack

velocity  a is obtained  from the  three.types

of  brittle crack  propagatiofi-arrest test

for the temperature  of-400C  as  shown  in

Fig.20. Despite there is a  little scatter,

it may  be concluded  that  KD  is defined as
a specific  function of  crack  ve!ocity  for
a  given temperature,  and  it is an  intrinsic

material  characteristic  curve  independent

ofspecimen  configuration.  Figure 21 shows

the relations  between KD  and  crack  veloc-

ity for various  temperatures  estimated

mainly  from the  results  ofSA  series  tests.

The  similar  relation  between KD  and  crack

velocity  as  in Fig, 20 exists  foragiven tem-

perature. Figures20 and  21 justify the

validity  of  the  expression  of  eq.  (15).
  Figure22  shQws  the  relation  between

toughness  value  at  crack  arrest  KJB ob-

tained  from FDM  computation  and  temper-

ature.  Open mark  indicates arrest'tough-

ness  K.  based on  static  approximation.

Symbol  bar I in this figure shows  the  range

                            previouslyof  the values  obtained  from

mentioned  two  crack  velocity  inputs.

Mark  O  represents  KDA in SI series (large
 size Double  Tension Test). KDA does not

seem'  to  be much  diflEerent from K. but
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Fig. 21 Dynamic  fracture toughness  of  KAS  as  a

      function of  crack  velocity  for various

      temperatures

KDA depends on  al1 the  processes preceding
crack  arrest.  On  the other  hand, K.  means

static  stress  intensity factor at  the  point of

ctack  arrest.  It is evident  from Fig. 22 that

material  arrest  toughness  obtained  from

dynamic analysis  can  not  be approximated

by static  counterpart  in general and  also
that  experimentally  proven incbnsistency
between very  wide  plate test and  standard

size  test comes  from the disregard for
dynamic effect.

      
ttlOOOExog

 5oogeE9e

 looljG-

Fig. 22

"
   20  10  O 

-10

Dynamic  arrest  toughness  vs, temperature
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3.2.7 Rreliminary approach  to prediction

      of  fast erack  propagation  and  arrest

  Once  the  material  toughness  as  expressed

by eq.  (15) is known, the  behavior of  a

fast crack  wi11 be predicted by solving  the

governing equation  ofmotion  for the crack
expressed  by

c; d--  GD  (a', T) (16)
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 where  Gd is crack  driving fbrce which

 depends on  crack  size,  crack  velocity,  and

 possibly other  geometrical and  mechanical

 boundary condjtions  and  GD  is dynamic

 energy  release  rate.  But  analytical  expres-

 sion  for Gd has been available  only  for

       limited cases.  In general it is diffi- simple

 cult  to solve  eg.  (16) without  resource

 to numerical  technigue.

   In the fo11owing a  preliminary consid-

eration  for crack  arrester  desigri will  be
made  with the  use  of  the  experimentally

obtained  KD            for a  simple  crack.

   When  a crack  propagates in an  infinite

plate subjected  to  uniform  tensile stress

o, dynamic stress intensity factor Kd  is

given by Freudii) as

        
jla(a,d):=k(d)Ks(a)

 (17)

where  4  is static  stress  intensity factor
and  a  universal  function of  crack  speed

k(a) which  decreases monotonically  with
a from unity  at  zero  crack  speed  to  zero

at  the Rayleigh wave  velocity  CR, The
relation  between dynamic energy  release

rate  GD  and  dynamic stress  intensity
factor Kti is given as11)

                                    '

      G.(a, d)=1'S"tA(d)  Kg(a, d) C18)

where  A(a) is monotonically  increasing
function with di and  is unity  at  zero  crack

speed  and  becomes unbounded  at  the

Rayleigh wave  velocity  CR, From  the

conservation  of  energy  the  following egua-
tion  is derived from eqs:  (9), (17) and  (18).

      
k2
 
(a)A(d)

 
K3

 
=･'

 
KE<d,

 
T)

 (1 9)

As
 k2 (a) A(a) can  be approximated  by a

simple  functioni2), eg.  (19) becomes as
fbllows.

        Vi/LIca./TIKs-Ko(d･ 
T)
 (2o)
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The  lefthand and  righthand  terms  of  eq.

 (20) correspond  to crack  driving force
and  material  resistance,  respectively.  This
eguation  gives crack  velocity  fbr a  given
crack  lengrh and  temperature  f6r a propa-
gating crack  in a  plate which  is so  large
that     the  crack  never  encounter  the  effbct

of  reflected  stress wave  from boundary.
  Figure 23 <a) and  (b) shows  the  compari-

son  between measured'and  calculated

velQcity  in Double  Tension Test, which

is obtained  by solving  eq.  (20) using  the

toughness  curve  shown  in Fig.21. The
calculated  variation  of  crack  velocity  and

crack  arrest  length agree  well  with  experi-
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Fig. 23 (a),(b) Comparison  between measured  and

           calculated  velocity

mental  one.  This is because a  crack  propa-
gates through.  the  specimen  or  arrests  until

an  arrival  of  reflected  stress  wave  from
boundary to crack  tip, in other  words,  this
specimen  may  be regarded  as  an  infinite
body in this sense.  The  result  of  applying

eg.  (20) to DCB  test is shown  in Fig. 24.
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As  reflected  stress  wave  frQm boundary

affects  remarkably  a  propagating crack

in DCB  test, such  .a specimen  cannot  be

treated  as an  infinite body and  then  cal-

culated  velocity  (dashed line) by eqs,  (15)
anJd  C20) is ,quite different from measured
one.  On  the  ether  hand, calculated  velocity

(solid mark)  by eqs. (14) and  C15) using

above-mentioned  beam model  agrees  very

well  with measured  one.  As  discussed

previously, almost  all the  kinetic energy

is eventually  transformed  into crack

driving energy  in DCB  specimen  which  is

aflbcted  by considerable  amount  of  reflec-

tion ofstress  waves,

  A  crack  in an  infinite plate as  governed
by eq.  (20) and  a  crack  in DCB  specirnen

are  the two  extreme  cases  in terms  of  the

amount  of  contribution  of  kinetic energy

to  driving the  crack.

  The  real  structures  lie between the

above  two  extremes.  Therefore, a simple

approach  will be possible by appropriately

defining the  amount  of  contribution  of

kinetic energy  taking  due account  to the

characteristic  features ofstructural  element

under  consideration.  In order  to establish

an  arrest  desigri for steel  structure,  it

will  further be necessary  to collect  data

 of  clearly  defined material  toughness  and

 to  develop some  practical simplification

 to  such  an  approach  which  avoids  the

 necessity  of  complicated  dynamic analysis.

4. ConcludingRemarks

  The  fundamental aspects  ofbrittle  crack

propagation and  arrest  in structural  steels

have been considered  primarily from                                  the

energetic  point of  view  for the  final goal
of  establishing  a relevant  crack  arrester

design methodology.  Dynamic  fracture

mechanics  analysis  was  made  using  finite

difference method  on  brittle fracture

propagation-arrest test using  a  ship  steel.

Despite  the  numerical  analysis  used  is

TokuoTERAMOTO  andHitoshi  YOSHINARI

an  approximation  without  non-based  on

linear theory  of  elasticity,  it is found that
dynamic consideration  is indispensable for

general interpretation of  fast fracture and

crack  arrest  and  material  toughness  can

be defined as  a  function of  temperature

and  crack  velocity.

  Using the experimentally  obtained

toughness,  crack  propagating behavior is

successfu11y  predicted in case  where  no

kinetic energy  is recovered  to drive the

crack  further. This approach  provides an

elementary  method  of  crack  arrester

design. Further  works  are  needed  to  define

guantitativeiy the  material  properties asso-

ciated  with fast fracture and  to establish

a  general and  relevant  methodology  for

designing crack  arrester  in various  types

ofstructures.
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