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Abstract:

Fracture mechanics developed by Dr. Irwin is applied to brittle
fracture propagation-arrest problem. Results of Double Tension Test
are newly interpreted from the viewpoint of fracture mechanics and it
is assured by experimental and analytical researches using Double Ten-
sion Test specimen with -patch or stiffener for crack arrester devices
that the toughness for brittle fracture propagation-arrest can properly
be grasped by material constant K ( critical stress intensity factor
for arrest ), g

1. Introduction

In Japan "Double Tension Test" ig widely adopted as a largescale
laboratory test to evaluate propagation-arrest characteristics of
brittle fracture of steel plates. The test specimen and procedure are
shown in Fig. 1. The results of this test have been expressed in terms
of critical stress vs. temperature curve, which is directly utilized
as design basis for determining the design stress and temperature of a
given steel structure, This is based on rather intuitive consideration
that it solely depends on the temperature and stress to which steel
plate has been exposed prior to the appearance of brittle crack whether
the crack will continue to propagate or not.

The authors applied fracture mechanics concept developed by
Dr. Irwin to brittle fracture propagation-arrest problem and extended
to the quantitative evaluation of toughness of steel for arresting
of brittle crack.

Earlier, they applied this method in the clarification of the
mechanism of brittle fracture propagation-arrest phenomenon of Double
Tension Test and proposed a new interpretation for propagation-arrest
characteristic instead of conventional critical stress-temperature
curve which is not determined uniquely.i Lately Koshiga et al. have
made further investigation on this problem.2:
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In the serial research works the authors made approximate frac-
ture mechanics considerations of the crack arresting mechanism; they
concluded that the arresting phenomenon could be expected by the
following criterion; a crack is arrested, if the stress intensity
factor X is made smaller than the propagation resistance value K of
the material as obtained, for example, from Double-Tension Test.- In
this report, they took up the patch type arrester as a fundamental
model for the analysis of crack arresting mechanism and confirmed the
above criterion on this model: in connection with afore-mentioned
considerations brittle fracture propagation test using test specimens
attached with crack arresting devices such as shown in Fig. 2. was
carried out. Behaviors of brittle crack propagation were investigated
by the analyses on the relation between calculated K-curve and Ke value
obtained from Double Tension Test.

2. Analytical Considerations

A model as schematically shown in Fig, 3 is assumed, in which a
semi-infinite plate subjected to a uniform tensile stress(is attached
with a rectangular patch with length { and width b , said patch be-
ing joined only at its upper and lower ends to the plate. Owing to
progressive development of a crack from an end of this plate, the patch
acts as an arrester, that is, it restrains displacement of the plate
through which the crack propagation of crack is resisted by the arrest-
ing action of the patch. With this simple, mechanical model, an approxima-
te calculation with application of elasticity theory will be made to
reveal how the so-called K-value of the crack propagation is affected by
the patch dimensions and other factors.

In this model, with crack propagation, the plate is subjected to
a compression P' ( Pxt where t is thickness of patch ) from the patch,
while the patch is subjected to a tension P', as its reaction. There-
by the magnitude and distribution pattern of P are supposed to depend
on the crack length a, uniform tensile stress; dimensions of patch, its
position and rigidity. But strict treatment of this problem would be
considerably troublesome, so the elasticity solution of crack as evolved
by Muskhelishvili3 using complex stress function will be exploited.

Erdogan et alf‘ treated crack problems with the aid of Muskheli-
shvili's work and defining complex stress intensity factor combining
its "symmetric" and "gkew symmetric" components, and discussed the
method of its computation with the use of complex stress fuction.,

The stress intensity factor K at crack tip ( a. o ) in Fig. 4(a)
can be obtained through relatively simple calculation using complex
stress functions given by Muskhelishvili.

_ / J-1 R _a+%  _ a+%,
K 2zla {R( SEIRAN Y Z}-a? /Z-@2
R(Z-%) | . a
! { * tM} A 5L ] (1
T+ (Z-a) 7Z & )
T =(3=-V)+v)  V: Poisson’s ratio ( for plane shess condtion )
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From eq. (1) K-value is found as following when concentrated for-
ces in y-direction act symmetrically as illustrated in Fig. 4(b)
(designated as Kp).

- ke _ ! / [ ., 6-6;
k’P Am .—7[5 —-——% (//>+/§)6/n( 5 )

__2c4 1 36+62y, 1 ,0,+36, }]
Ty {ﬁcos(ﬁz P /’2605(——2 (2)

In eq. (2), P = concentrated force per unit plate thickness act-
ing in y-axis positive direction at the first quadrant point zo(xo, yo).

L=ty | h=f(xra)%y | n=[(tra)" #
b= ' (% zrar} Gt {wymrar}
a/l,= c ) /7/[(;: ﬁ ’ ,}'/Ia= fZ ’ r/Zaz F y’yz‘f ol

Next, the case, as shown in Fig. 4(c), of point moments acting
symmetrically can be expressed in the similar manner. Namely,

bo- —Kn
M M/ 203,
/c 1. ,36+6 1., 0+36, }
=2 [ 15n(3929%y, 1, 0+36 (3
w9 ) fon B )

where Mt = moment in clockwise direction per unit plate thickness at
first quadrant point zo (xo, Yo)e

The magnitude of stresses in the patch depends on the relation
between the rigidity of cracked plate and the patch. In the case of
the patch width being small, they ecan approximately be substituted by
concentrated force., The force can be determined by the following condi-
tion for the continuation of displacement at patch ends:

Vo =V] - Vo 4)
Vo = vertical displacement at point (xo, yo) corresponding to
patch end, as caused through uniform tensile stress in case

of no patch. ) )
1/2 elongation of patch due to tension P occurring in patch,

displacement of patch end point in the plate through reac-

tion to P.
Voy, V1 and V are of course functions of crack length.

Vi
V2

Now putting the tension in the patch as P'(c) and the rigidity
(springhconstant) of patch as m, we get
v /P’(C)

)

Meanwhile, the value of Vo may be derived from the Westergaard

stress function of elastic crack and can be calculated as follows:

(5)
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e, - in(2tley _ (I+D)aP +6 :
/gzﬂ—/ﬁﬁ/}{Z&H( 7_) 75 605{9—72)}-1/0( (6)

Further, the value of V2 can be obtained from the "effective spring
constant" of g crack-containing plate, namely the relation between the
force P acting as in Fig, 4(b) and the displacement of its application
point,

4s is well-known, the effective spring constant M is related to
K as follows:

___ ! 2dm _ T, 2
G = Z(P)Wz-— t[f}(da] (7)
»where t is plate thickness,

Integrating eq, (7), we have

(B gt g ntjaz (§)
7 {37 |- 2w
where P* = p:t, x2 = k2(p/ {%5)2 and da = xode (¢ = a/xq), namely,
L=\+ 2T o)
M(C)c Mo) E-t (9)
where I(c) = [ k24c,
)

The value of M(o) is approximately calculated as follows with the
use of elastic solution of the case where a concentrated force acting
at a point in an infinite plate, '

I+V B /
M©) = =L {G-)hL 1)+ (190271 )
/
* (3“1))4 y’_/+—o(2- } (10)

where X = yo/x,, B = b/x0.

After M(c) i? found as in the above, we get
Vi 2Pcc)
M(c)
where 2P'(¢) Trepresents the case of patches being attached on each
side of the plate, Using eq. (4), Pt(c) is given by

Pl o/ { M?Zc) 3 T/ } "

From this the value of P can be found and from eq. (2) the value of
Kp can be calculated,

(11

The above concerns the calculation of the tension P*(c) acting in
a patch with small width. When the patch has a large width, the effect
of width should be taken into account. It would be difficult to make
exact calculation of the distribution pattern in width direction of the
stress in the patch, so an approximation is made by splitting as shown
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in Fig. S(a), the patch into several independent narrow elements, Thus,
by finding the tensile force in each of these elements by the process
described above, the distribution pattern of tensile stress in the patch
may be approximately determined as Fige 5(b).

If P in eq. (2) is substituted by the distributed force thus found
and is integrated as to the patch width, K-value can be obtained. When,
however, the patch width is not very large as compared with X0, the value
may be further divided, as indicated in (c), into a tension component
aMabwﬁ@mm@tmrmeﬁMOfﬂdew.TMvﬂwomeymm
be calculated by the equation already given.

As for specimen with reverted stiffener, the effective rigidity of
arresting element should be estimated. Once it is done, K value is
calculated by the similar considerations for patch type arrester. Con-~
sider a system such as shwon in Fig, 6(a) for an approximate calculation
of effective rigidity of rivetted stiffener, System (a) could approximate-
ly be replaced by (bg. As an approximation of the effect of width of
stiffener by, a mechanical system in infinite plate such as shown in (e)
is considered,

The relation between rivet force P! and displacement V is obtained
as following after some calculations:

)
_ ~Ru+y) ” YT SRR S SR
= m[[ (5 31))4—(3-1))[,, / (,) +2(/ V)jg( /)ZiTl(T)

w 3= (nbp)= 12
+ 2 -V)+ ==
n;, [(3 I Z b {(nbp)2+ Vs rz}(z- 4A%)

1 r bp 4 %4+ +4 a4
Z/,’*’{(pr)-(é"l))%/’n - (5’31))('/)—,,—5,; }]B

(13)

Red
t
=1

Dr/2 = radius of rivet hole by = width of stiffener
plate thickness of stiffener 1 pitch of rivets
nbpr B 2r
o e P
(nbp)% 4% r? (nbp)*+ f% 12

non

3.  Experiment

Chemical compositions, tensile test properties and brittle frac-
ture propagation-arrest characteristics (Kc vs. temperature relation)
obtained from Double Tension Test of test steels are shown in Table 1
and Fig, 7.

Specimens used are shown already in Fig. 2, which are Double Ten-
sion Test Specimens with arresting elements (patch type and riverted
stiffener type) attached to their central portion, The dimensions of
arresting elements are varied which are given Table 2,

Yost of specimens with welded patch were annealed at 600 C x 2
hours in order to remove welding residual stress but three out of five
GWT specimens were tested at as welded condition, The magnitude of
welding residual stress was measured by P fender's contact ball type
strain meter,
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Summarized results of test are also tabulated in Table 2, Frac-

ture mechanics analyses were made on each of specimens and some examples Table 1 Chemical Composition and Tensile Properties of Test Steel

of them are presented graphically in the form of K curves and Ko curves

vS. crack length in Fig, 8. K curves were calculated by the method des- Chemical Composition (Ladle) (%)

cribed in the foregoing sections. Ke curves were illustrated using the Code |Type of Steel c Si | Mn P s Ni Cr | Mo Al

K = T'relgtlons shov:m in Fig, 7 in accordance with th‘e e temp?ra— AKX | AL-Killed 0.10 | 0.25 | 1.27 | 0.014|0.012 [0.17 | 0.04 | 0.05 |0.028

ture distributions with the allowance of + 10% scattering band, which is =

shown by hatching. EWT-5 i:g’;mf,;:;’ 0.16 | 0.44 | 1.37 | 0.022| 0.012 0.014
Steel(as roll)

From these Figures it can generally be said that a brittle crack
is arrested if the K value of the system considered is made smaller than

the K¢ value of the material due to the arresting effect of patch or Tensile Test Properties
riveted stiffener and it can endure the reaction of arresting forces. Yield Tensile )
g Elongation
Code Stress Strength G.L.=50mm
In Fig. 9, K values at arrest point of the specimen with arresting (KBrmm*) | (Kg/mm?) (Fo )
element (marks with arrow represent minimum value of K in case where ‘ AK 41 50 52
brittle crack propagated through) are plotted against temperature scale, GWI-5 36 53 27

which shows good agreement with those obtained from Double Tension Test.

On the K curves calculated stresses occurred in the patch or rivet
(shear stress) are indicated for the explanation of the test result of
the specimen the arresting element of which was broken and the brittle

crack ran thr
hrough. Table 2ca)  SUMMARY OF TEST RESULTS OF DOUBLE TENSION SPECIMEN WLTH WELDED PATCH ARRESTER

It can generally be concluded that the brittle fracture propaga-

tion-arrest phenomenon can be explalned by relatlvely Simple calculation Specimen Test Dimensions of patch Welding Test Test Crack Kc(Kg/mm2-mm)estimation
based on fracture mechanics, — Plate —— restdual  siress temp  length & Remark
t=20mm lp(mm) bp(mm) tp(mm) stress  (Kg/mm2) T(°C) a(mm)
4. Conclusion
AKP-1-10 AK 100 60 13 SR* 20 -47 GO Weld of patch was sheared

With the application of tT:v’O dimensional elasticity theory of Wil AR 140 60 3 sie i i . B0 K 164 58 —aan
cracked plate, fracture mechanics analyses were made on the simple
models for patch and riveted stiffener type of crack arrester, and AKP-1-20 AKX 200 60 13 Sie 16 46 - K 172 at -6°C

experimental checks were made by conducting Double Tension Test using Initiation part was fractured

specimens with those arresting elements. AKP-8 AX 150 80 13 SR* 16 -54 275 Kc = 108 at -54°C
. ; : AKP-2-15  AK 150 60 20 SR* 20 -46 264  KC = 140
Approximate calculations and experiments executed in this report s
showed the adequancy of simple criterion for brittle fracture propaga- AKP-2-20  AK 200 60 20 SR* 20 -49(-45) 425 GO ? Kcgl18 at -49°C
tion-arrest based on fracture mechanics. AKP-2-25  AK 250 60 20 SRe 2 45 454 60 ? Ke<1Bd ar -45°C
GWT-5-2 GWT-5 100 60 10 3pe 15 10 410 60 ? Kc<100 at -10°C
References
GWT-5-4 GWT-5 150 60 10 SR* 15 0 285 Kc =160 at 0°C
LE ]
1. M. YOShiki, T. Kanazawa & S. Machida, Proc. the 7th Japan Congress GWT-5-8 GWT-8 100 60 10 as weld 15 0 (-2) 200 Ke = 152 at -2°C
on Testing Materials, March, 1964,
GWF-5-11 GWT-5 100 60 10 as weld 15 -10 G0 weld of patch was sheared
2 F. Koshi ¥ -412-~ r X-334-64, Janua 1
. . iga, IIW Doc, IX-412-64 or X-334-64, January, 1964, GNT-5-7 GWT-5 150 60 10 as weld 10 -1l 225 Ke =75 at -11°C

3 I.N. Muskhelishvili: "Some Basic Problems of Mathematical Theory of

E ;i oi " ingen-Netherlands, 1963 * SR -~ 600 C°x2hr. stress relief annealing
Elasticity", Noordhoff Ltd., Groning » 1963, ** Tempersture at arrest point

4, F. Erdogan, Proc. the 4th U.S. Congress of Appl. Mech.
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Table 2(b) siumay OF TEST RESULTS OF DOUBLE TENSION SPECIMEN WITH RIVETED ARRESTER ( Test plate AK t=20mm

4
s ' / 2 a a c T
nec imen Dimensions of arrester Diameter Test Test Crack Ke (Kg/mme - mm)
me 0 9 PEAREE smsmant P 4R DY g Prtttitetees
. £ e Y i
code rivet hole stress temp length  estimation & 3 )
1 (mm) bp(mm} tp(mm) Dr (mm) (Kg/mm2) T (°C) a (mm) Remark [ )
. . x
AKPR-4-10 y : 5 One of rivets was sheared “
100 10 13 20x1 16 46 GO Keg212 at | -d6°C
i P
AKPR-4-15 150 40 13 20x1 16 -46 6o One of rivets was sheared
X ’ Ke<l6d at  -46°C ll&al_Hv N
TN T
Initiation Part was
AKPR-8-10 100 80 13 17x2 16 -42(-51) (75) fractured
Kc< 132 at -51°C
AKPR-8-15 150 80 13 17x2 16 -46 265 Ke = 112 at -46°C Fig.3
18.
AKPR-8-20 200 80 13 17x2 16 -45 450 GO ? Ke 152 at -45°C

~200+——500—— 0 200 400 : b c
(Unit mm) bk 4 LR etonce Yo o Endf “ « ’
(a) (b) (c)
Fig. 1. Double Tension Test. Fig.4
(a) Test Specimen,
(b) Test Procedure,
(¢) Example of Temperature Distribution.
IR TRy IEEEEREREEY IEERERYEYY |
o
Stiffener Stiffener -
{ picy MMt
: l !
Rivet i : , !
Rivet a) (b) (C)
YhEb bbby A2 XX2XE ! \AX22222X)
Fig.,5
(@_Welded Patch Type (B Riveted Stiffener Type
—=C1 e — TR Yo
Fig., 2,
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() (b) (c)
Fig.é6
AK
Li- :_ \ Grad. Temp. Type @ E B
n L Flat Temp. Type o ~g i Ne
§ | £ N GWT-5
§‘ 2 | )
o o Q
- 54
T 1027 t 102:—
o h i
L - AN
i =T (%) i —T1(C)
0 -20 -40 -460 -80 20 10 (? -10 =20
,OA‘\‘ 'I' vl] . L 10 %'LI 3 |l r‘r
36 40 44 43 34 36 38 40
— 1000/T (*K) —= 1000/T (*K)
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K (kg/met-/mm)
AKP-1-15 (Potch: 8p=150mm , bp=60mm , tp=13mm ) Temp. (°c)
0 =16 kg/mmt !
400} -30
/Temp. distribution / a0
myss' T - -50
300 i
- -60
_ -7 K without arrester -70
=T apeiSmmdt
200} = — 2 a’p=20|u/rmf
100 \D'P 30kg/met K with arrester
B K estimated froh D T.
V. {arresf] —C: Y%
o 02 04 06 08 lo} 12 14 16 18 20

50 100 150 200 250 300 30 400 430 500 — otmm)

(a)
K (kg/mer?-/1meM)
! AKP-8 (Patch: fp = 150mm, bp=80mm , tp=I3mm ) ToTp.('c)
0 =16kg/mmt -40
400 Temp. distribution ' I S .7
/ orrest - <0
T -70
300 -
el -80
_="7 K without arrester
200}- =~ = 85 ig/mep
z K with amester
s S nbeet
Ke estimated from D.T T il
¢ s
| arest]
92 o4 o8 o8 i |

Fig.8!
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K (kg/mnf-/mar )
AKP-2-15 (Pafch: #p=150mm , bp=60mm tp=20mm )
0 = 20kg/mnt
400[ T Temp (°c)
=T ol
-
-50
3001 K without arrester &
-70
200 Kc estimated from D.T. 80
100|
K with arrester
prl) —~Ceorke
0 02 04 08 o8 10 12 14 18 8 20
50 00 150 200 250 300 35 400 450 500 — afmm)
(e)
K ( kg/mm-/mm )
f AKP-2-25 (Patch: £p =250mm + bp=60mm, tp=20mm)
0 =20kg/mm -
400l PP Tﬂ;p.('e)
- -40 .
300,
0
70
200|_ 80
IO IIES ORISR
777725555 77755555
IR 7
100 7z
Kc esfimated from D.T.
0 0 ) ! X 12 14 16 18 20 —~csa/ne

50 100 150 200 250 300 35 400 450 500 —a(mm}

Fig, 8%
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K (kg/mef - /7 )
'
|
Temp (°c)
GWT-5-4 (Futch: p=15Cmm, bp=60mm ,tp=10mm ) 1
4001 (SR)
T=15kg/mm e 0
300 Tomp. distribution = -0
e -20
=== 7N lthout st -30
200l e ~ CpiSkg/met K \gim arrester 40
L ”
; V7~ !
0oL y | Kc' estimated from DT.
/ —
— C=0/%
o 02 04 06 08 0 12 14 16 18 2p
+ } - - - - - - —f—
50 00 150 200 250 300 350 400 450 500 — afmm)
(s)
K (kg /7 )
Temp. (°c)
GWT-5-7(Patch: {p=150mm, bp=60mm, tp =I0mm ) }
(AW) [¢]
G=10 kg/mnf -0
2 -20
- -30
=" MK without aester
= -40
T -50

P with residual stress free arrester
- 2

K with as weld arrester

g™
o 02 _04—-"T6 o8 ™ 16 18 20—ca/e
50 100 150 200 250 300 3% 400 450  500—a(mm)

Fig 83
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K (kg Amm - /i)
AKPR-4-10 (Amester : £ <l00mm, bp=40mm . fp=I3mm , Dr=20mm)
AKPR-4-15 ( »  £:150mm, & .o P |
0 =16kg/mnf Tomotec)
400 /Temp. distribution Lo
AKPR-4-10 o
300, Kwithout orrester -~~~
AKPR-4-15 Z =77 KIAKPR-4-15) 70
- . 0
i '(-M )
200 =
s K(AKPR-4-10)
)Y
100|_
Ke estimated from D .T.
—Cs9
o 02 04 08 08 10 12 14 s 18 20 &%

5 100 50 200 250 300 350 400 45  500_-aimm)

()

K (kg /e - /rm )
! AKPR-8-15 (Arresker 1 =150mm., bp=80mm. tp=I3mm, Dr=(7mm)
5 Temp (°c)
O =16 kg/mm
L Ternp. dislribution _4,_/ -40‘
400| ‘
60
K without arrester =777 o
300 -
[ o 80
200 oI T ted from DT
100} S0 K with arrester
—czake
- 027" 04 05 08 10y 12 146 18 20
5 100 150 200 250 300 30 400 450 500 a(mm)
(h)
Fig, 84
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Ke (hg/mm - /7 )

AP-2-25

~2-20

Ke theg/mm virem )

|d% 1 (%82093) 4 trom OT. Grod Tomp Type) gL §%osn o from DT(Grod. . Type)
© from DT. (Flat. Temp. Type )

4 from Grod. Tamp. ESS0

© from O withweided rrwster (SR)

© from DT.Flat. erp. Type)

L A from Grod. Temp. ESSO
- \A\ @ from DT with riveted arrester

00 P -4, -0  -80—Tro

&
g_
8
R
£
3_
a<
8
13

2 _ 09, 36 38 40 42 44 46 48 52— 2%

Ke~T : Test piale AK(AR killed)

, K leg/mat- /)

10

T

I

®  fom Double Tention Test
4 from D.T with welded arrester(SR)
. - . (aw)

2 10 (‘) —IP -EP — T(%)

33

L

T O S st s

34 35 36 37 38 39 40 4| %
— T

Ke~T: Test plafe GWT5 (HT55)
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