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Static Fracture Ductility of Structural Members'

Kohsuke HORIKAWA* and Kenji HAYASHI**

Abstract

The effects of notch ratio, structural stress concentration and mechanical properties of steel on the fracture behavior
of structural members were investigated in order to acquire a basic knowledge of their resistance to ductile fracture.
A method was suggested that determined toughness requirements of structural steels according to elongation required

of structural members.
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1. Introduction

Failures of welded structures, such as bridges and
pressure vessels, are often initiated from the con-
nections where stress concentration due to structural
discontinuities and residual stress are high. Now, we
consider the unstable fracture in welded connections
at normal temperature. When a welded crack exist,
it propagates as stable fibrous crack and then changes
into unstable fracture, while any welded crack does not
exist, fracture occurs due to local contraction.

Many studies have been made on the unstable
fracture started from stable fibrous crack. An
estimation was made on the fracture mechanics energy
balance with consideration of the energy flowing into
fracture process zoneY. Investigations were also
carried out on the unstable brittle fracture with stable
fibrous crack growth in connection with a COD-
criterion®¥. By the comparison of the results of the
J-integral analysis and fractography it is confirmed
that the fracture toughness of metallic materials
corresponds to a stretched zone width?. An analysis
was performed by the J-integral Resistance curves on
the instability behavior of massive plastic deformation
in low strength and high toughness materials, and it
was supposed that tearing modulus was the slope of
the J-integral Resistance curve as the material’s
resistance to stable tearing®-®.

An experimental study was made on the application
of the COD-criterion to defect estimation for the
connections with a structurally stress concentration in
welded structures. The relationships between the
crack opening displacement and overall strain in such
connections were investigated from the viewpoint that
they were required a certain amounts of elongation

capacity”.

In this paper, discussions on the transition from
stable crack growth to unstable fracture were made
by using the J-integral value defined at maximum load
(Jo). Center notched plate specimens and structural
model specimens were examined on the behavior of
fracture from stable tearing. The specimens were
made from mild steel SS41 and high tensile strength
steel HT80. Ductilities required for structural
members were clarified from the comparison of the
J-integral and overall strain in them.

2. Experimental Procedures

For the purpose of the examination on the pro-
pagating shear behavior of structural members, tensile
tests were performed using center notch specimens
and structural specimens which were modeled after
welded connections with stress concentration due to
structural discontinuities (Fig. 1).

Mild steel SS41 and high tensile strength steel HT80
of the plate thickness with 6 mm and 8 mm were used
as the test materials. Chemical compositions and
mechanical properties of the used materials are shown
in Table 1 and 2, respectively.

The strain in the vicinity of a notch tip was measured
by wire strain gauges and thie COD at the point of
7 mm apart from the notch tip by clip gauges. The
elongation of specimen was measured by dial gauges,
gauge length 200 mm. The configuration of the plastic
zone was observed by the stresscoat attached to the
surface of specimen.

As for structural specimens, the change of the
distance between two column flanges was also measured
by a slide-caliper gauge. The total elongation of the
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(a) Center Notch Specimen

(b) Structural Specimen

Fig. 1 Specimen configurations

structural specimen minus the distance change of
flanges was used as the elongation of specimzn.

3. Experimental Results and Consideration

3.1 Evaluation of Experimental Results

The J-integral and COD have been widely used as

of the J-integral and COD to the tearing instability
(unstable fracture after stable tearing and no
interceding cleavage fracture) with crack extension is
not exactly proper (the details will be described later),
but they can be used at least as parameters that indicate
the behavior of plastic deformation near a crack tip.
From the tensile test results on center notched plate

the effective parameters that represent the stress-strain
field surrounding a crack tip in condition of small
scale yielding and large scale yielding. The application

specimens with crack length (2C), width (W) and
thickness(t) as illustrated by Fig. 2, the crack tip
opening displacement (CTOD) is given by the ex-

Table 1 Chemical compositions of materials used (%)

Steel Plate .
Mark Grade Thickness C Si Mn P Cu Cr Mo v B
Sl 6mm 0104 0.10|1.00] 0.020] 0.010
s2 sS4l 12 0.120.19]0.71] 0.027 | 0.008
s3 %) 6 0.21}|0.01{0.69) 0.016 ] 0.009
Hl 6 Q.13 0.26 | 0.90| 0.016 | 0.004 [ 0.24 | 0.86 } 0.32 | 0.04| 0.0008
H2 HT80 12 0.16 | 0.24 | 0.84 | 0.023 | 0.008 | 0.23 | 1.02 | 0.34 | 0.01 | 0.0008
*) : 53 was used as a material of the column flange plates(explained later).
Table 2 Mechanical properties of materials used
: Steel | Plate Yield Ultimate | Total Uniform Reduction | Maximum
Mark Grade Thickness | Strength | Strength | Elongation | Elongation | of Area True Strain
. mm kg/mm? kg/mm? s . s 3
s1~ 6 2.4 42.6 33.7 23.4 63.3 1.003
s2 SS41 12 28,5 44.6 37.3 26.9 60.4 0.926
S3 6 38.2 49.1 31.2 20.9 '65.9 1.077
H1- 6 86.{! 90.6 14.9 53.0 0.754
H2 | HT80 12 102.0 108.0 16.7 . 61.4 0.953
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pression

_#O) | J=G4— 2] pdv—py} . (5)

=2, (1) {(W—2C)

where v is the crack opening displacement at any point
on the x axis and ¢(x) can be evaluated from the applied
stress (0), yield stress (oy) and Young’s modulus (E)?,

CTO

The critical values of J and CTOD (J, and CTOD,)
defined at maximum load can be used as an index which
represents the material’s resistance to tearing
instability. Hence, the overall strain of notched

()= 4Wo'y sin J‘g cosa plates at maximum load is considered as the elongation
?E ¥ 1—sin® asin®x capacity of notched plates similarly to the uniform
sin(x+¢) o elongation measured in the uni-axial tension test.

sin(x—¢) Hereafter, the overall strain defined at maximum load

And , %, ¢, and a are given by was refered as fracture ductility in this paper.

sinazsin(rr%) , 3.2 Members’ Behavior at Maximum Load
cos(na/20 ¢ )=sin(zC/W)/sin« ,
sinx=sin(zx/W)/sina ,
sing=cos(nc/20y) ,

and a=C+R (R: plastic zone size).

At maximum load, from the balance of the increase
(3) of the member’s strength due to the strain hardening
and the decrease of the member’s strength following

to deformation, the expression

dP=cdA+Ado=0 (A sectional area) 6)

is formed. The smooth plate results in break at maxi-
CTr T 7 17717171 mum load owing to the necking. The notched plate
results in break owing to the decrease of its sectional
area according to the crack extention or necking, so
it can be said that the crack extention or necking
dominate the maximum load. Hence, the method
which considered the effects of the crack extention or
necking must be used so as to pursue the member’s
‘ behavior in the vicinity of the maximum load. The
é—g COD is the parameter of deformation in plane and
R |2 "] |.= can not deal with the necking because the necking
includes the out-of plane deformation. The J-integral
is the potential energy release rate at the crack growth.
Strictly speaking, the J-integral can not be applied to
fracture with the necking because the potential energy
is not released by the necking. The treatment on the
necking by the energy method may not be denied.

C I 1 'l T T 11 J. and CTOD, of tested specimens are given by

P"’G Table 3. In SH-12-30, the crack initiated from the

Fig. 2 Geometry and coordinate systems for Center Notched central portion of the col}lmn’ﬂange near the beam to
Plate column flange connection and then the crack
propagated outwards slowly along the beam-column

The J-integral is given by? connection line (Fig. 3(a)). In SH-6-30 and SH-12-

| , 50, the crack initiated from the neighborhood of the

J :G+mCT {ZJOPd5 —Po}, ) notch tip towards the beam-column connection and
broke in sliding mode (Fig. 3(b)). The fracture

where G is the energy release rate based on linear elastic surfaces of remaining specimens in Table 3 were
fracture mechanics concepts and P and ¢ are the perpendicular to plate surface in the middle of the plate
applied load and load-point displacement, respectively. thickness up to about 2 mm from the notch tip, and
If the crack is deep enough that plasticity is confined slant beyond that. The notch strength ratio of center
to the ligament, the plastic component of & is equal to notch specimens was almost equal to 1.0 and that of
that of v. As a consequence, eq. 4 may be rewritten structural specimens was from 0.45 to 0.88 owing to
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Table 3 Some Critical Values at Maximum Load

Clip Gauge
. Notch Notch . J-(68) Jo(8)
Specimen Mark Maﬁz:éal Length | Strength Dlsplscement CTODe | Jc(6) r= — m= °
mm Ratio o o kgmm/mmz Je (V) oy-CTODc
NS-6-30* sl 30 0.98 3.53 2.39 106 1.01 1.68(1.05)**
NS-6-50 Sl 50 0.98 2.84 1.77 80 1.05 1.68(1.05)
NS-12-30 s2 30 0.95 3.90 2.64 159 0.90 2.11(1.35)
Center NS-12-50 s2 50 1.00 4.57 2.86 166 0.97 2.03(1.30)
Notch
¢ NH-6-30 H1l 30 0.98 1.76 1.16 141 0.93 1.40(1.34)
NH-6-50 Hl 50 1.00 2.05 1.28 160 0.97 1.44(1.38)
NH-12-30 H2 30 1.05 3.22 2.25 305 0.89 1.33(1.25)
NH-12-50 H2 50 1.06 2.94 1.92 304 1.01 1.55(1.47)
$5-6-30 sl 30 0.78 5.00 3.39 120 0.96 1.34
SS-6-50 Sl 50 0.88 5.69 3.56 136 1.01 1.44
S§-12-30 s2 30 0.45 5.79 3.56 119 1.19 1.17
§S-12-50 s2 50 0.49 6.07 4.12 145 0.80 1.23
Structural
SH-6~-30 H1 30 0.64 E— —_— B — _—  —
SH~6~-50 H1l 50 0.63 5.00 2.02 220 1.00 1.26
SH-12-30 H2 30 0.33 _ _ _ — —_
SH—lZ—SOT H2 50 0.53 —_— _— _— -_— _—
*): NS-6-30; Center Notch Specimen, SS41, plate thickness = 6mm and notch length = 30mm
SH-12~50; Structural Specimen, HT80, plate thickness = 12mm and notch length = 50mm
*%): m = Jo/(0p-CTODg) , op : Ultimate Strength (kg/mm?)
[2] (23
] o
— =3
§ ¢ §
5 & 5
no o
5 o 3
R s o %
® A & ® &
Sh° ° &

beam flange

@

beam flange

(b)

Fig. 3 Fracture Mode

stress concentration. The stress concentration factor
depends on the stiffness ratio of the beam flange to
the column flange. The larger the plate thickness of
the beam flange is, or, the higher the strength of the
beam flange is, the larger the stress concentration
factor grows!®,

The ratio(r) of the J.-value given by a load-point
displacement (J.(6)) to the J.-value by a clip-gauge
displacement (J.(v)) was from 0.80 to 1.19. Therefore,

126

J.(v) coincides with J.(8) rather well. This results
from that the plastic deformation is confined to the
remaining ligament. Both J, and CTOD., were
relatively constant values in the same material and
specimen even for different notch lengths. It seems,
however, that the reason, why the CTOD, was widely
scattered and the CTOD, of center notch specimens
differed much from the CTOD, of structural specimens,
was that the crack propagated and the CTOD didn’t
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represent the crack tip opening displacement -any
longer. On the contrary, J, of center notch specimens
was in comparatively good agreement with J, of
structural specimens, although J. was not considered
the crack extention.

The relation between J, and CTOD, was dependent
upon the flow stress (d,w)”. As center notch
spe¢cimens broke at the stress level of the tensile
strength (0p) rather than the yield stress (0y), Oriow
was equal to dg. And ¢, of structural specimens
coincided with ¢y, because they fractured at the
relatively low load.

3.3 Relationship between J-integral and Net Stress

The relation between the J-integral and net stress
is illustrated in Fig. 4. Here, the longitudinal axis is
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Fig. 4 Relationship between J-integral and Net Stress

the ratio of the J-value to the elastic component of the
J-value (G=K}/E, where K, is the stress intensity
factor at opening mode in plane state of stress), and
the lateral axis is the net stress (6y), normalized by the
yield stress (0y). Notched plate series of NH and NS
showed the abrupt non-linearity when ¢y was close to
oy. Specimens of NH series fractured at ox/oy=1.0
and those of NS series fractured at about oy/oy=1.5
due to plastic flow. Structural specimens of SS and SH
series showed the non-linearity from comparatively
lower stress (below ¢y/0y=0.5) because of structural
stress concentration. The plastic deformation
expanded slowly to fracture in the lower stress than NS
and NH series. As for notched plate specimen series,
NS and NH, test specimens of plate thickness 12 mm
showed the non-linearity earlier than that of 6 mm,
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for the deformation behavior of specimens in the plate
thickness 6 mm was more close to the plane state of
stress. SS series, however, was opposite to notched
plate series because the effect of stress concentration
on the non-linearity was more serious than the effect
of the plate thickness. From the above facts, it is
noted that the mechanical properties and stress con-
centration affects on the relation between the J-
integral and net stress.

3.4 J-integral and Crack Tip Opening Sisplacement

In small scale yielding and large scale yielding, the
relation between the J-integral and CTOD assuming as
Dugdale model is given by the expression'®

J=moc-CTOD, @)

where m is a value dependent on the triaxiality of stress
and it is considered that m=1 in the plane state of
stress and 1 <m<<3 in the plane state of strain.

In this paper, within the range from small scale
yielding to general yielding, the relation between J and
CTOD was given by the expression

log CTOD=0.79 log (J/oy)-+-0.024 . (8)

for both center notch specimens and structural
specimens as shown in Fig. 5. This result is in

T T T

F o NS-6-30 o $8-6-30 a2 2
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Fig. 5 Relationship between J/oy and CTOD J/oy (mm)

relatively good agreement with the case that m=1 in
eq. 7, but it is noted that there are some difference
between the two equation. The reason of this
difference seems that eq. 7 has neglected the effects of
the strain hardening and flow stress. From the fact
that eq. 8 is valid also for structural specimens with
stress concentration, it is noted that the stress con-



(128)

centration has no influence on the relation between
J and CTOD.

3.5 Relationship between J-integral and Overall Strain

In conventional Rice’s J-integral, eq. 4, setting the

elastic and plastic component of J as J,, and J,,

respectively, they become

J.=G=KYE, )
and J, = (10)

WIS {2LPd6—Pa} .

The stress intensity factor K; of a internally
notched plate of finite width is given approximately
by the expression using the applied stress (¢)

1

Ki=ayz-C <sec1§%>?. (11)

As the relation between (¢) and the load-point displace-

ment(d) is oc==Eg/l (I: plate length), subsutituting
" eq. 11 and this into eq. 9, it becomes

 {mCE "7C
Jo = {Tr sec<fwf>} 0%, (12)
and, as a result, J., is proportional to § squared.
While presuming a increment of eq. 10
1
d,=—+— ___ (Pdo— }
ol {(W—2C) (Pds —Po) (13)
P
P*sirnllIIIIIIlll‘ldlle:,ll'l/:lllTTrT(l'll—-_
83p ﬁ
T i
=
0 . ;—6+d5 8

Fig. 6 Load-Displacement Curve

In Fig. 6, if the relation between load (P) and displace-
ment(d) is linear, dJ,=0 because Pdo=ddP. As
the plastic deformation is increasing, dJ,, is reaching
to the proportional value of Pdg, that is, J,, is pro-
portional to & because Pdé»ddP. As a consequ-
ence, in the case with massive plastic deformation,

J000 . (14)
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J is in proportion to the square of & by eq. 12 for
small scale yielding on account that J.,>»J,, and
to & by eq. 14 for general yielding on account
that J,;>»J.. Therefore, now, setting that logl=
nlogd+C (C: constant), it is expected that 1) n=2
for small scale yielding, 2) 1<n<2 from large scale
yielding to general yielding and 3) n=1 after general
yielding.
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Fig. 7 Non-dimensional J-integral, JE/aoy2, vs. Overall Strain,
eley

The relationship between J and overall strain (e) is
illustrated in Fig. 7 (Circle points indicated the maxi-
mum value of elongation which was refered as fracture
ductility.), and was obtained by the expression
regardless of stress concentration using regression
estimates,

JE/agh oo (efex)*
and JE/ac% oc(gfey)t M

(e/ey <2.0) (15)
(e/ey > 2.0) (16)

where ey is the yield strain. The obtained results
agreed with the above mentioned concept rather well.
If the overall strain applied to structural members is
already known, toughness requirements, expressed by
J, of materials can be determined by eq. 15 and 16.
Therefore, it seems that eq. 15 and 16 give an essential
information about the selection of materials.
Fracture ductility, representing the elongation
capacity of structural members with cracks, had the
relation, regardless of stress concentration such as
notch ratio and structural stress concentration, that
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¢ley=10 in SS41 and 1<Ce/ey<<6 in HT80. From
this it is found that fracture ductility of structural
members is greater in SS41 than in HT80.

4. Conclusions

With respect to tearing instability of structural
members from stable fibrous crack growth, the effects
of notch ratio and stress concentration due to structural
discontinuities on elongation capacities of structural
members were investigated based on the consideration
of required ductilities for structural members. Main
conclusions are summarized as follows;

(1) The J-value defined at maximum load (J.) was
independent of stress concentration due to notches
and structural discontinuities. The relation between
J, and CTOD, was dependent upon flow stress.

(2) Within the limits of this experiment, the
relationship between J and CTOD was independent
of stress concentration and dependent only upon yield
strength (6y) of the material. The relation is given by
the expression

log CTOD=0.79 log (J/oy)+0.024 .

(3) The relation between the non-dimensional J
and overall strain (¢) was given by the expression

JEjag% oc (e/ex)! %

and JE/ac? oc (¢/ey)' 1

(e/ey £2.0)
(e/ey >2.0).

(4) Fracture ductility, expressing the elongation
capacity of structural members with cracks, is greater
in mild steel SS41 than in high tensile strength steel
HTR80 regardless of stress concentration.
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