
A Methodology for Characterizing 
Weldment Fracture Behavior 

Criteria to predict failure in high-strength steel weldments 
containing incomplete penetration are established 

BY E. p. cox 

ABSTRACT. Collapse stresses of flawed 
structural steel weldments were pre
dicted by a two failure criteria model 
based on plasticity limit load theory and 
linear elastic fracture mechanics. This 
model, first applied to wrought steels 
covering wide ranges of strengths and 
toughnesses, was subsequently modified 
for application to the particular case of 
structural steel weldments. Failure com
menced whenever the flawed compo
nent reached either the fracture tough
ness (FT) failure criterion or the plasticity 
limit load (LL) failure criterion. In all 
instances, the controlling failure criterion 
depended on tensile strength, fracture 
toughness, section size and, specifically, 

Kc 
on the magnitude of . In general, 

Kc 
SuXW 

low values of 
SuvW cause FT con

trolled fractures, and high values of 
Kc 

~ j== cause LL controlled fractures. An 
SuvW 
a priori determination of the controlling 
failure criterion was shown to be feasi
ble. 

Interactions of the various weldment 
zones, e.g., base metal, heat affected 
zones, weld metal passes, etc., often 
redistributed the stresses and strains in 
flawed welds. Depending on the extent 
of weld metal strength overmatching, a 
third failure criterion and two transition 
flaw sizes dictated weldment fracture 
behavior. Based on experimental results, 
a method was devised to determine the 
controlling fracture criterion for a wide 
variety of steel weldments. In addition, 
the effects of local and gross section 
plasticity were considered, as well as 
how the presence of stable tearing could 
cause a change from one failure criterion 
to another. 

E. P. COX is a Staff Engineer with Materials 
Analysis, Inc., Dallas, Tex. 

Introduction 

With the advent of fracture mechan
ics, a total disregard has sometimes 
developed as to when fracture mechan
ics is an appropriate tool for predicting 
critical crack size or fracture stress in 
tough, structural steels, and when it is 
not. Most disconcerting is that a pure 
fracture mechanics approach can predict 
an unrealistically large critical crack size 
and failure load beyond the tensile 
strength of the component. Such misap
plications have actually occurred in sever
al companies. 

The intent of this paper is to prevent 
catastrophic misuse of fracture mechan
ics, particularly when it is promulgated as 
the panacea for determining accept/ 
reject criteria for flawed components. To 
accomplish its purpose, the paper exam
ines experimental data originally devel
oped by the author and Professor F. V. 
Lawrence, Jr. (Refs. 11, 12, 22) and does 
so to develop an analytical scheme in 
order to derive a priori predictive tech
niques. 

Examination of 
Planar Discontinuities 

The mechanical properties of welded 
joints can be significantly reduced by the 
presence of internal discontinuities, such 
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as: porosity, entrapped slag, incomplete 
sidewall fusion, inadequate joint penetra
tion, and cracks (Refs. 1-7). Planar discon
tinuities, notably cracks and incomplete 
joint penetration, are particularly deleteri
ous. Such planar discontinuities, upon 
reaching a critical size, can reduce weld 
joint ductility and promote brittle frac
ture. 

Tilted and/or intermittent flaws are 
treated in the same manner as perpendic
ular, planar cracks. More specifically, the 
applicable fracture mechanics analysis is 
determined (or selected from published 
solutions) along with the appropriate limit 
load analysis. In some instances, the limit 
load analysis and/or fracture mechanics 
analysis cannot be determined exactly, 
and one has then to rely on an engineer
ing judgment as to whether an upper 
bound or lower bound analysis best rep
resents the problem. 

Depending on the size and geometry 
of a discontinuity relative to that of the 
weldment and the fracture toughness of 
the volume of material containing the 
discontinuity, a fracture mechanics 
approach can sometimes be used to 
characterize fracture behavior. Linear 
elastic fracture mechanics (LEFM) can 
often be used for heavy sections fabri
cated from low toughness materials. The 
ductile materials commonly used in engi
neering applications usually fracture at 
loads beyond the yield strength and then 
only after extensive plastic deformation 
has occurred. The fracture loads of these 
high toughness materials often cannot be 
successfully predicted by LEFM, particu
larly for the thicknesses in common 
usage. 

Attempts to characterize ductile, post-
yield fractures using elastic-plastic frac
ture mechanics analyses have met with 
varying degrees of success. One of the 
most promising of the elastic-plastic anal
yses is the J-integral proposed by Rice 
(Ref. 8). Experimental results have dem
onstrated that the J-integral can be used 
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Fig. 7 - Illustration of the two failure criteria model for a center-crack tension specimen 

to measure the plane-strain fracture 
toughness of ductile materials undergoing 
elastic-plastic deformation (Refs. 9, 10), 
and the j-integral, therefore, may provide 
a single factor for characterizing postyield 
fracture. 

This and other recent investigations by 
the author (Refs. 4, 11-13) and Dowling 
and Townley (Ref. 14) have shown that 
ductile fracture may also be character
ized using a two criteria approach based 
on fracture mechanics and plastic limit 
load analyses. The fracture toughness 
failure criterion describes a fracture 
which will occur whenever the crack tip 
stress intensity exceeds the material's 
fracture toughness. The limit load failure 
criterion describes a fracture (or collapse) 
which will occur when the load on the 
uncracked ligament reaches the limit load 
of the body. The limit load is the maxi
mum load that a body can sustain with
out undergoing unlimited plastic defor
mation (Refs. 15, 16). The maximum (col
lapse) load or stress for a body is the 
lower value predicted by the two failure 
criteria. 

The Two Failure Criteria Model for 
Homogeneous Materials 

An example of the two failure criteria 
model is given below for a center-
cracked-tension specimen (CCT). The 
gross section stress at collapse (Sm) for 
the CCT specimen geometry is given by 
(Ref. 17): 

where: pm is collapse load, B is specimen 
thickness, 2W is specimen width, and 2a 
is crack width, which becomes a failure 
criterion when shear flow stress at frac
ture (T0) is replaced by either the von 
Mises or Tresca yield criterion. That is, the 
collapse stress predicted using the von 
Mises yield criterion is: 

C M 
2 a 

Xr^-w* (2) 

and similarly, the collapse stress using the 
Tresca yield criterion is: 

S i = S u ( 1 - - ) (3) 

The curves corresponding to the von 
Mises and Tresca values of collapse stress 
are shown as solid lines in Fig. 1. The 
region between these lines is labeled 
"Limit Load Failure Criterion" to illustrate 
the range in collapse stress predicted by 
the LL failure criterion. Most test data fall 
in the shaded region, because structural 
materials generally obey neither the von 
Mises nor Tresca yield criterion. 

The collapse stress curve predicted by 
the fracture toughness failure criterion for 
the center-crack specimen geometry (Sm) 
is given by the equation: 

S K _ 
Kc (4) 

(Tra)/2 (sec )' 
2W 

Sm = — — = 2T 0 (1 - — ) 
2BW w ' 

(1) 

where: Kc is fracture toughness measured 
either by ASTM E399 (Ref. 18) test proce
dures (K|C) or determined from a J-integral 

test (J|C) (Ref. 19). This curve in Fig. 1 is 
labeled "Fracture Toughness Failure Cri
terion" and is shown crossing the region 
labeled "Limit Load Failure Criterion." 
The value of Sm is dependent on Kc, a, 
and W, whereas Sm and Sm are depen
dent on Su, a, and W. Consequently, as 
Su, W, and Kc change, the value of Sm 

also changes. In many instances, there is 
no intersection between the LL and FT 
failure criteria, hence only one failure 
criterion prevails. For the case where an 
intersection does occur, such as is shown 
in Fig. 1, the collapse stress will be that of 
the failure criterion which operates at the 
lower stress, ln Fig. 1, the LL failure 
criterion controls fracture at smaller val
ues of a / W and the FT failure criterion 
controls fracture at larger values of a / 
W. 

A transition from one failure criterion 
to another should occur (approximately) 
whenever Sm = Sm; but, this will occur 
only at certain combinations of specimen 
dimensions, tensile strength, fracture 
toughness and crack length —Fig. 1. The 
crack length for this transition can be 
determined by equating the LL and FT 
collapse loads given by Equations 2-4: 

S^ or Sm = S& (5) 

which, for the CCT geometry and the 
Tresca yield criterion, becomes: 

S u ( 1 " W ) = 
Kc 

7ra a, 
7ra sec ) n 

2W 

(6) 

This equation can be rearranged in terms 
of a / W to yield the following equation: 

Kc ,7ra 
• = (1 ) ( — sec )'/2 (7) 

SUVW W W 2W v ' 

The right-hand side of Equation 7 is multi
plied by 2 / y T w h e n the von Mises yield 
criterion is desired. 

The quantity Kc/Su y/W relates the 
strength, fracture toughness and section 
size to the controlling failure criterion. 
This quantity is plotted versus a /W in Fig. 
2 for the CCT specimen geometry and in 
Fig. 3 for the three-point bend specimen. 
When Kc is low and Su is high, which 
corresponds to a low value of Kc/Su 

\AV , the fracture toughness failure crite
rion dominates the fracture behavior. 
Increasing Kc and decreasing Su increases 
the value of Kc/Su \JW into the limit load 
region. Crack length also affects which 
failure criterion controls fracture. In Fig. 2, 
for instance, at Kc/Su \/W= 0.6, the 
controlling failure criterion changes from 
LL to FT at an a /W of approximately 0.1 
and from FT back to LL at an a /W of 
approximately 0.85. 

A second illustration of the two failure 
criteria is given for the compact specimen 
geometry shown in Fig. 4. Since an exact 
limit load solution is not available, upper 
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Fig. 2 —Limit load and fracture toughness failure criteria controlled 
fracture regions for the center-crack tension specimen 

a/W or l-b/W 
Fig. 3-Limit load and fracture toughness failure criteria controlled 
fracture regions for the three-point bend specimen 

(Ref. 20) and lower (Ref. 21) bound 
solutions are shown using both the von 
Mises and Tresca yield criteria. To be 
conservative, the lower bound LL solu
tion is utilized. The lower bound LL 
expression is: 

PL = { \ / 2 [ 1 + ^ ] ' / 2 ' 

[ 1 + ^ ] } ( 2 r 0 ) B W 
(8) 

which, when rearranged and when the 
von Mises yield criterion is inserted for 
the flow stress, results in a collapse load 
given by: 

— = { \ /T[1+-]<*-
BW I* I y ^ 

[1 + w»v?Su 

Using the Tresca yield criterion, the col
lapse load is: 

— = { \ / 2 [ 1 + - ] * 
BW W 

(10) 

When the FT failure criterion is used to 
predict the collapse load in a compact 
specimen, the collapse load is given by: 

BW 
Kjc 

Y\AV (11) 

o 
O 

O 
O 

Rica Upper 
Bound L i m i t 
Load Solution 

Ewing 8t Richards 
Bound 

Lood 

F T Controls 
Fracture Behavior 

b 
or (I—£-) 

Fig. 4 —Illustration of the two failure criteria model for the compact specimen whose limit load 
failure criterion is approximated by upper and lower bound limit load solutions 
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Fig. 5 —Extension of the two failure criteria model to overmatched, high 
fracture toughness, butt joint weldments containing planar discontinui
ties 
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Fig. 6 — The effects of weld metal overmatching and work hardening on 
the transition flaw widths a'/W and a"/W 

where Y is the compliance function for a 
compact specimen given in the ASTM 
standard K!c test method. 

The relationship between the two fail
ure criteria for the compact specimen is 
shown in Fig. 4. Whenever the LL failure 
criterion predicted a lower collapse load, 
it dominated the fracture, as shown for 
the smaller b / W values. Similarly, the 
fracture will be characterized by the FT 
failure criterion when it predicts the low
er load value; this is indicated for the 
larger b /W values The intersection and 
relative locations of the two failure crite
ria are dependent on the specimen 
dimensions and the material's tensile 
strength and fracture toughness. 

Application of the Two Failure 
Criteria Model to Steel Weldments 

The feasibility of applying a two failure 
criteria model was first established by 
comparing predicted with actual fracture 
behavior of more simple wrought steels. 
Excellent agreement was found between 
predicted and actual behavior for a wide 
range in steels, from low strength, plain 
carbon structural grades to the quenched 
and tempered hardenable steels. Specific 
details concerning the predicted and 
actual fracture behavior of these steels 
are given in Ref. 22. 

Weldments, however, are heteroge
neous structural elements composed of 
at least three microstructural regions: 
base metal (BM), weld metal (WM), and 
heat-affected zone (HAZ). Each of these 
regions has a different yield strength, 
tensile strength, and fracture toughness. 
The weld metal usually has a higher 

tensile and yield strength than the base 
metal and is said to be "overmatched." 
Strengths and toughnesses of the HAZ 
are highly variable depending on the 
material, but are assumed for discussion 
purposes to be intermediate to the BM 
and W M . 

Very small flaws in tough, over
matched weld metal (SyWM > SUBM) are of 
minor consequence, since failure will 
occur in the base metal at loads less than 
those required for plastic deformation in 
the weld metal net section. The load 
carrying capacity of these weldments is 
thus limited by the tensile strength of the 
base metal, as illustrated by Region A in 
Fig. 5. The maximum flaw width (a ' /W) 
that will result in base metal controlled 
fracture can be estimated by equating 
the collapse stress predicted by the Tres
ca value of the LL failure criterion to the 
base metal tensile strength: 

SUBM — SUWM (1 — ,.,) 
W 

(12) 

When solved for a ' this equation 
becomes 

W 
• = 1 (13) 

SuWM 

Flaw widths greater than a ' / W cause 
both the base and weld metals to plasti
cally deform, but final fracture occurs in 
the flawed weld metal. Because the low
er strength base metal is part of the 
fracture process, the collapse loads are 
limited by the base metal tensile strength. 
The tensile behavior of these flawed 
weldments is shown as Region B in 
Fig. 5. 

Beyond a certain flaw size (a"/W), 

fracture occurs in the flawed weld metal 
at stresses less than the base metal yield 
strength. Weldments containing these 
larger flaws fail in the weld metal and 
exhibit tensile behavior in accordance 
with the LL failure criterion, as shown by 
Region C in Fig. 5. The value of a " /W can 
be estimated by equating the Tresca LL 
failure criterion to the base metal yield 
strength: 

SyBM — Su ,(1 W 
(14) 

Solving for a"/W gives the equation: 

S = 1-r^ (15) 

The relative values of a ' / W and a " /W 
shown in Fig. 5 are dependent on the 
tensile and yield strength of both the 
base and weld metals, that is, the degree 
of overmatching. The curves shown in 
Fig. 6 illustrate the effect that the degree 
of overmatching (SyBM/SuwM) has on a ' / 
W and a " /W and how overmatching 
affects the extent of Regions A, B and C 
shown in Fig. 5. 

The combinations of relative flaw 
width and overmatching that cause frac
ture in the base metal prior to yielding of 
the weld metal net section are contained 
within Region A. Since the fracture is 
completely controlled by the unflawed 
base metal, large amounts of plastic 
deformation occur, and the stress at 
fracture is approximately equal to the 
base metal tensile strength. Region A 
represents high toughness joints for 
which weld metal flaws are benign under 
static loading. 
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The relative flaw widths and degree of 
overmatching included in Region B of Fig. 
6 result in fractures in which both the 
base and weld metals deform plastically. 
The apparent joint toughness is still high 
because large amounts of plastic work 
are expended in deforming the base 
metal. The extent of Region B varies with 
the amount of work hardening (/?) avail
able in both the base and weld metals. 
The value of /3 is defined as: 

SUBM 

s, 
(16) 

yBM JyWM 

The boundary separating Region B from 
Region A is given by the equation: 

W 
= 1 - / 3 

JyBM (17) 

and the boundary between Region B and 
Region C is expressed by: 

->yBM a 
vv s u W M 

(18) 

The extent of Region B, therefore, is 
dependent on the degree of overmatch
ing and on the work hardening of the 
base and weld metals. That is, Region B 
diminishes as the degree of overmatching 
(SyBM/SuwM) approaches zero or when 
both the base and weld metal do not 
work harden ((j = 1.0). 

Referring to Fig. 5, the fracture behav
ior of high toughness weldments (large 
Kc/Su \AV) was divided into three 
regions separated by the transition flaw 
widths a ' / W and a" /W. A weldment 
containing weld metal flaw widths less 
than a" /W will reach a collapse stress (Sm) 
approximately equal to the base metal 
tensile strength. Flaw widths greater than 
a" /W cause a reduction in Sm as pre-

Table 1—Chemical Compositions of Base 
Metal and Filler Metal<a> 

Table 2—Small Specimen Tensile Properties 

Base Metal Properties'' 

Element 

C 
Mn 
P 
S 
Si 
Cu 
Ni 
Cr 
Mo 
V 
B 
Al 
Ti 

Base 
Metal<b> 
(wt-%) 

0.16 
0.82 
0.012 
0.019 
0.23 
0.27 
0.76 
0.54 
0.47 
0.06 
0.004 

-
— 

(a)Compositions supplied by manufacturer. 
(b)Ladle analysis A514 Grade F (%-in 
( c % - i n . diam. bare wire; 110 ksi Y.S. 

plate). 
for G M A W 

Filler 
Metal<c> 
(wt-%) 

0.08 
1.70 
0.005 
0.009 
0.46 

2.40 
0.05 
0.50 
0.02 

— 
0.003 
0.025 

dieted by the limit load failure cr i ter ion. 
Fracture 
may occur 

O U f 

fo r 
pred ic ted by 
previously 

hness contro l led 
very large 
the curve 

discussed. 

failures 
a / W at stresses 
labeled Srrv a S 

Specimen 

T-1 
T-2 
T-3 
Avg. 

Specimen 

20-1 
20-2 
Avg. 

30-1 
30-2 
30-3 
Avg. 

50-1 
50-2 
Avg. 

90-1 
90-2 
Avg. 

Location 

Longit. 
Longit. 
Transv. 

sy 
(ksi) 

112.5 
108.7 
105.9 
109.0 

Weld Metal Propert 

Heat 
Input 

(kj/in.) 

20 
20 

30 
30 
30 

50 
50 

90 
90 

Sy 
(ksi) 

117.1 
118.1 
117.6 

129.1 
125.9 
124.3 
126.4 

106.9 
96.7 

101.8 

81.5 
83.5 
82.5 

Su 
(ksi) 

122.9 
121.6 
122.7 
122.4 

e s ( b ) 

Su 
(ksi) 

136.5 
139.0 
137.8 

143 6 
138.7 
138.8 
140.2 

132.4 
137.5 
135.0 

113.0 
115.1 
114.1 

Comparison of Predicted Fracture 
Behavior with Experimental Results 

The effect of weld metal discontinui
ties on the fracture behavior of a struc
tural steel was investigated using ASTM 
A514 grade F (standard specification for 
high yield-strength, quenched and tem
pered alloy steel plate, suitable for weld
ing) base metal welded with ER120S-1 
solid wire electrode. Chemical analyses 
of the base metal and filler metal are 
given in Table 1. Table 2 gives the tensile 
and yield strength values of the base 

(a>Overall specimen length 4.00 in., 1.00-in gage length, 
0.223-in. diam. reduced section. 
<b)Overall specimen length 5.00 in., 1.00-in. gage length, 
0.250-in. diam. reduced section — except 30 series: 0.314-in. 
diam. reduced section. 

metal and for weld metal coupons pre
pared with four different welding heat 
inputs. Weldments were fabricated with 
internal full-length, incomplete joint pen
etration (IJP) discontinuities, which re
sulted in the CCT specimen geometry 
shown in Fig. 7. An enlarged view of the 
l)P test section is shown in Fig. 8. 

The test specimens were welded 

TJ 0.700 

ENLARGEMENT OF IJP 
DEFECT LOCATION 

HEAT AFFECTED ZONE 
BASE METAL 
WELD METAL 

Fig. 7—Dimensions of butt joint welded A514F/ER120S-1 specimens containing incomplete joint 
penetration discontinuities 

Fig. 8 —Enlarged view of the test section 
shown in Fig. 7 
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Fig. 10 — Experimental results of specimens fabricated with 30-kJ/in. 
heat input welds. The collapse stress, Sm, data lie within the Tresca (S^) 
and von Mises (S™) limit load predictions. The strain at maximum load 
Cm) and J-integral data show a transition from high to low values at the 
flaw width, 2a" 

together using a 60-deg double V-groove 
preparation with a variable root face to 
control the width (2a) of the IJP. The 
welding variables used to fabricate the 
specimens are listed in Table 3. The travel 
speed was varied to produce the desired 
heat input in the weld metal. Most of the 
specimens were fabricated with a single 
30-kJ/in. (1.2-k)/mm) weld pass per side. 
Other specimens were similarly fabri
cated, except that welding heat inputs of 
20, 50 and 90 kj/ in. (0.8, 2, and 3.5 
kj/mm) were used. 

Most of the specimens contained full 
length IJP discontinuities. All specimens 

Tab le 3 — W e l d i n g Var iables U s e d o n 
Test Spec imens 

W e l d i n g process 

Vo l tage 
Cur ren t 

Preheat a n d interpass 
t empera tu re 

Shielding gas compos i t i on 

Cas M e t a l 
A rc ( C M A ) 

2 8 - 3 0 V 
2 8 5 - 2 9 5 A 

200°F 

9 8 % A r - 2 % 0 2 

were pulled in tension to failure in the 
as-welded condition. Other specimens 
were tested after the l)P was fatigue 
sharpened, and some specimens were 
fabricated with altered groove angles or 
inclined l)P's. A complete discussion of 
the test results obtained from these spec
imens is given in Ref. 4. In general, alter
ing the l|P discontinuity had little effect on 
the tensile behavior. 

Both load and deformation responses 
were digitally recorded during testing and 
computer analyzed after testing to deter
mine the weldment yield strength (Sy), 
collapse stress (Sm), collapse strain (em) 
and the value of | at maximum load (Jm). 
Values of em, Jm and Sm are plotted in Figs. 
9-12 for welding heat inputs of 20, 30, 50 
and 90 kj/in., respectively. In these same 
figures, the Sm data are compared with 
the collapse stresses predicted by the 
Tresca and von Mises values of the LL 
failure criterion (Equations 2 and 3). The 
transition flaw sizes 2a' and 2a" were 
determined using Equations 13 and 15. 

Since more specimens were welded 
with a 30 kj/ in. heat input, this group 
provided the best comparison between 

the theorized tensile behavior (Fig. 5) and 
experimental results (Fig. 10). Examining 
first the em data in Fig. 10, it can be seen 
that em reached a lower limiting value at 
flaw widths greater than 2a". As 2a 
decreased, em increased. A similar 
response was seen in the )m data. The 
lower limiting value of ] m occurred for 
values of 2a greater than 2a". When the 
crack width exceeded 2a", all plastic 
deformation was confined to the 
uncracked ligaments. Fictitiously high val
ues of Jm were calculated in specimens 
containing crack widths less than 2a" as a 
result of base metal plastic deformation 
not associated with the crack tips being 
included in the measurements. Collapse 
stress (Sm) data for the 30-kJ/in. speci
mens agreed quite well with the tensile 
behavior predicted by the LL failure crite
rion. The similar, good agreement with 
the predicted collapse stress values was 
also found in the experimental results for 
the 20-, 50- and 90-kJ/in. heat input 
specimens shown in Figs. 9, 11 and 12. 
With the exception of one 50-kJ/in. spec
imen, which contained secondary discon
tinuities, all the experimental Sm values 
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Fig. 11 - Experimental results of specimens fabricated with 50-kJ/in. 
heat input welds. The low em Jm and Sm data points resulted from a 
specimen containing secondary discontinuities 
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Fig. 12 —Experimental results of specimens fabricated with 90-kJ/in. 
heat input welds. Note that the limit load failure criterion controls the 
fracture behavior over almost the entire range of 2a 

w e r e wi th in the range p red ic ted by the 
Tresca and v o n Mises values o f the LL 
failure cr i ter ion. 

Values of the J-integral f racture tough
ness var ied fo r each o f the we ld ing heat 
inputs evaluated. Average valid Jm values 
measured fo r each heat input are g iven in 
Table 4. 

For the CCT specimen having the 
dimensions shown in Fig. 7, the we ld 
metal values o f K c /S u \ A V ranged f r o m 
2.29 to 2.74. Referring to Fig. 2, it can be 
seen that all the test specimens w e r e we l l 
w i th in the region w h e r e the limit load 
failure cr i ter ion domina ted the f racture 
behavior .1 

The calculated value o f 2 a ' (base metal 

(vThe weld metal Kc/Su\/W values ranging 
from 2.29 to 2.74 were measured experimen
tally and are correct for the ASTM A514F steel 
weldments. The 2.29 to 2.74 range in Kc/ 
Su\/W is above the arbitrary cutoff for the 
vertical scale of Fig. 2, but nevertheless, is well 
outside the region shown for FT controlled 
failure. The reader will note that there is no 
discrepancy, in that the data points are simply 
outside the scale for Fig. 2. 

domina ted fracture) for the 30-kJ/ in. heat 
input welds was 0.032 in. (0.8 mm). This 
was the only 2 a ' that cou ld be calculated 
because the S y W M values for the other 
heat inputs w e r e all less than S U B M- C o n 
sequently, only the 30-kJ/ in. heat input 
specimens exhib i ted tensile behavior cor 
responding to Region A in Fig. 5, i.e., 
failure comple te ly cont ro l led by base 
metal mechanical propert ies. 

Values o f 2a" ( the m in imum f law w i d t h 
corresponding to limit load cont ro l led 
f racture in the w e l d metal) w e r e calculat
ed for each we ldmen t — Table 5. The 2a" 
values, w h i c h are s h o w n in Figs. 9 - 1 2 , 
w e r e calculated using Equation 15. 

Table 4—Averages of Maximum Load for 
Each Heat Input 

Heat Input 
(kj/in.) 

20 
30 
50 
90 

The 2a" transit ion f law w i d t h 
decreased as the degree of overmatch ing 
decreased. The calculated 2a" value fo r 
the 90-kJ/ in. heat input specimens (Fig. 
12) was 0.007 in. (0.2 mm) , w h i c h meant 
that the tensile behavior was cont ro l led 
by the limit load failure cr i ter ion for nearly 
all f law widths. Only f law wid ths less than 
approximately 0.007 in. w o u l d cause the 
base metal to part icipate in the fracture 
process; o therwise, f racture is comple te
ly contro l led by the w e l d metal net sec
t ion. 

The J-integral der ived f racture tough
ness values cou ld no t b e used to accu
rately predict the collapse stress values of 
the w e l d specimens using LEFM equa
tions. Even enlarging the ef fect ive crack 

2a" 

0.146 in. 
0.135 
0.114 
0.007 

Average Valid 
lm Value 

(ksi) 

1.17 
1.43 
1.15 
1.14 

Table 5—Minimum Flaw Width in 
Weld Metal 

Heat Input 

20 
30 
50 
90 

SyBM/SuWM 

0.79 
0.81 
0.84 
0.99 
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Fig. 13-Comparison of A514F/ER120S-1 
flawed weldment data with collapse stresses 
predicted by the limit load and fracture tough
ness failure criteria. The Sfc, curve was cor
rected for the crack tip plastic zone (r) 

size by apply ing the plastic zone correc
t ion still rendered the pred ic ted collapse 
stress values unconservat ive, as s h o w n in 
Fig. 13. Such unconservat ive collapse 
stress values, due to an apparent misuse 
of f racture mechanics, are potential ly 
dangerous w h e n structural reliability is 
based o n calculations o f this k ind. Frac
ture toughness values are useful, h o w e v 
er, p rov ided the plastic de fo rmat ion is 
conf ined t o the uncracked ligaments 
adjacent t o the crack tips (Region C in Fig. 
6). Under such condit ions, the tensile 
behavior can be approx imated by a rigid 
plastic load-def lect ion curve —Fig. 14. 
W i t h the max imum stress b o u n d e d by 
the LL failure cr i ter ion, the w o r k 
extracted dur ing f racture is conf ined to 
the plastic de fo rmat ion o f the uncracked 
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Fig. 15 —Comparison of the deformation at maximum load (S„) data with the values predicted for 
as-welded, 30-kJ/in. heat input weldments 

l igaments, i.e., the J-integral value of frac
ture toughness. W o r k i n g backward f r o m 
this premise, once the f law size, LL col
lapse stress, and J-integral toughness are 
k n o w n , the de fo rmat ion at max imum (6m) 
load can be calculated as fo l lows: 

sm W J 
(19) 

As s h o w n in Fig. 15, the agreement 
b e t w e e n pred ic ted and measured values 
is g o o d for IJP widths greater than 2a". 
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Fig. 14 —Load versus deflection for a rigid-
plastic material 

Relat ive Crack Length , —-
W 

Fig. 16 — The effects of subcritical crack extension on the two failure criteria model for a centrally 
flawed butt joint weldment. For a given initial crack length, specimens not undergoing subcritical 
crack extension follow Trajectory A, while those that exhibit subcritical crack extension will follow a 
trajectory such as B 
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Poor agreement for smaller IJP widths 
was attributed to gross section plasticity 
of the material outside the uncracked 
ligaments. Nevertheless, the deformation 
at maximum load values were conserva
tive and suitable for engineering applica
tions. 

The Effect of 
Subcritical Crack Extension 

The two failure criteria model was 
shown to predict the collapse loads of 
flawed structural materials, to determine 
a priori whether the fracture behavior 
would be predominantly elastic or elastic-
plastic, and to establish the deformation 
at collapse. The model thus far presented 
was based on two major assumptions: (1) 
fracture toughness failures are character
ized by LEFM with negligible plastic defor
mation, and (2) no subcritical crack exten
sion occurred prior to failure. 

Subcritical crack extension, however, 
has been shown to significantly affect 
the critical value of the J-integral (Ref. 23). 
In the same study, J-integral crack-exten
sion resistance (R) curves were observed 
to be geometry and section size depen
dent. Hence, subcritical crack extension is 
believed to affect the two criteria frac
ture model by altering the load-crack 
length trajectory prior to collapse. This 
effect is schematically illustrated for an 
overmatched butt joint weld containing a 
centralized, planar discontinuity in Fig. 16. 
Trajectory A represents the stress-crack 
length trajectory for an IJP flaw which 
does not undergo subcritical crack exten
sion; fracture occurs by the failure criteri
on that Trajectory A encounters first. If 
the material exhibits subcritical crack 
extension, then its stress-crack length tra
jectory may follow a trajectory similar to 
those illustrated by the B curves. 

The onset of subcritical crack growth 
occurs when the value of J at the crack 
tip exceeds the value of J|C (Ref. 23). The 
trajectory from this point until fracture 
occurs is dependent on the tearing 
behavior of the material. Final fracture 
occurs when the stress-crack length tra
jectory intersects one of the failure crite
ria. As seen in Curves 2 and 4 in Fig. 16, 
the occurrence of subcritical crack exten
sion can change the controlling failure 
criterion and, to some extent, the col
lapse load. 

The stable tearing behavior of structur
al materials has been described by Paris, 
et al. (Ref. 24), in terms of a tearing 
modulus (T) — Fig. 17. Initial crack exten
sion is attributed to crack tip blunting in 
proportion to the instantaneous value 
of J: 

Stable Tearing 

Crack Tip 
Blunting 

J 
So 

Crack Extension, Aa 

Fig. 17—J-integral R-curve illustrating the crack tip behavior as J increases. The crack tip blunts in the 
region 0 < J/S0 < Jic/S0, followed by stable crack extension by tearing when J/S0 > Jic/S0 

•? 
<n 

A a « - — 
1 
2S„ 

(20) 

where: S0 = the tensile flow stress. 

a/W or l - b / W 
Fig. 18— The effects of stable tearing on the fracture behavior of center-crack tension specimens. 
Subcritical crack extension may occur at a constant value of Kc/Su \/W until either the limit load or 
fracture toughness failure criterion controlled region is encountered 
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When the applied J reaches Jic, crack 
extension by "stable tearing" com
mences. The slope of the stable tearing 
portion of the curve determines the val
ue of T; that is: 

T = ^ - i 
da Sg 

(21) 

The effect of stable tearing can be 
incorporated into the two failure criteria 
model for a center-crack tension speci
men, since unstable limit load failure was 
stated to occur (Ref. 24) whenever: 

_L_ 

W 
(22) 

The critical K values determined from the 
J-integral tests on CCT welded specimens 
have been denoted Kc to distinguish 
these values from the ASTM E399 frac
ture toughness K|C, hence all Kc values are 
J derived; that is: 

K2
C = JicE (23) 

Substituting Equation 23 into Equation 21 
and combining this with Equation 22 
results in: 

d(K2) 

da 
2 
So 

_L_ 

W 
(24) 

When Equation 24 is integrated and sub
sequently divided by \ / W the result is: 

K 
W 

_L 

W 
_ _ l'/2 

W J (25) 

Curves determined from Equation 25 
for various values of \ / L / W are shown in 
Fig. 18 for the center-crack tension spec
imen. Subcritical crack extension pre
cedes final fracture in the region lying 
above the appropriate -y/L/W line, and 
below this line no subcritical crack exten
sion will occur prior to fracture. Bodies 
prone to subcritical crack extension fol
low a Kc/Su-y/W — a /W trajectory (hori
zontal lines in Fig. 18) until one of the 
failure criteria is encountered or until the 
crack progresses completely through the 
cross-section. 

Conclusions 

1. The collapse stresses of high-
strength structural steel weldments con
taining incomplete joint penetration dis
continuities were predicted by a two 
failure criteria model, based on plastic 
limit load theory and linear elastic fracture 
mechanics. 

2. For a given geometry and crack 
length, the fracture behavior was shown 
to depend on the fracture toughness, 
strength and section size of the body. 
Fracture governed by the fracture tough
ness failure criterion occurred for low 
values of K c / S u \ / W and limit load con
trolled fractures occurred for larger Kc/ 

S u \ /W values. 
3. Weldments fabricated from high 

Kc/Su\/vJ materials failed at loads pre
dicted by the limit load failure criterion at 
incomplete joint penetration widths 
greater than 2a". The degree of weld 
metal overmatching was shown to con
trol the value of 2a" that separated high 
toughness joints from low toughness 
joints. 

4. The deformation at collapse was 
predicted from J-integral fracture tough
ness measurements and the limit load 
failure criterion for weldments containing 
flaw widths greater than 2a". 

5. Subcritical crack extension by a sta
ble tearing phenomenon had a small 
effect on the two failure criterion model. 
Crack extension may change the control
ling failure criterion, thereby resulting in a 
lower collapse stress; or in some 
instances, the entire fracture process may 
be controlled by stable tearing. 

Appendix 

List of Symbols 

Aa 
B 
b 
D 
d 
E 

e m 

K 

Kc 

Kic 

L 
P 

Pm 
PK 

S 

Sm 

SM 

Sm 

So 

Crack width or length 
Maximum crack width for base 
metal controlled fracture 
Minimum flaw width for yielding 
in weld.metal only 
Change in crack length 
Specimen thickness 
Uncracked ligament 
Gage length 
Span distance of bend specimen 
Young's modulus 
Strain at maximum load 
Value of the J-integral 
Value of J at the onset of crack 
extension in plane strain 
Value of J at maximum load 
Stress intensity factor 
Critical value of the stress 
intensity factor 
Critical value of Kc in plane strain 
Specimen length 
Specimen load 
Maximum load (collapse load) 
Collapse stress predicted by the 
fracture toughness failure 
criterion 
Collapse stress predicted by the 
limit load failure criterion 
Crack length plastic zone 
adjustment factor 
Gross section stress 
Gross section collapse stress (at 
maximum load) 
Collapse stress predicted by 
linear elastic fracture mechanics 
Collapse stress predicted by the 
von Mises value of the limit load 
Collapse stress predicted by the 
Tresca value of the limit load 
failure criterion 
Tensile flow stress 

Sy Uniaxial yield strength 
SyBM Base metal yield strength 
SyWM W e l d metal yield strength 
Su Uniaxial tensile strength (ult imate 

strength) 
SuBM Base metal tensile strength 
S U W M W e l d metal tensile strength 
T 
W 
Y 

0 

8 
5m 

T 

To 

Tearing modulus 
Specimen width 
Compliance function — F(a/W) 
Work hardening factor for 
weldments 
Deformation in gage length 
Deformation at maximum load 
(collapse) 
Shear stress 
Shear flow stress 
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PVRC Centrifugal Pump-Piping Interaction Experience Survey 
By J. R. Payne 

Over 100 questionnaires asking about field experience, design standards, and att i tudes on the effect 
of pipe reactions on centrifugal pumps were received f rom the power and process industries. This 
survey, which was prompted by industry inquiries, examines the experience and needs of piping and 
pump system designers, manufacturers, and operators. It was designed to help the Pressure Vessel 
Research Commit tee (PVRC) determine whether a significant pump-piping interaction problem exists 
and to what extent, and also to help set research priorit ies and provide guidance to code and standards 
bodies. 

The survey and publication of this report was sponsored by the Subcommittee on Piping, Pumps and 
Valves of the Pressure Vessel Research Commit tee of the Welding Research Council. The price of WRC 
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The primary objective of this Bulletin, which contains two papers, is to present a comprehensive 
picture of the research work conducted to establish the current techniques and procedures for 
specifying the ferr i te content of austenitic stainless steel weld metal and measuring its level. 

Factors Influencing the Measurement of Ferrite Content in Austenitic Stainless Steel Weld Metal Using 
Magnetic Instruments 
By E. W. Pickering, E. S. Robitz and D. M. Vandergriff 

This report describes a program conducted under the auspices of the Welding Research Council 
(WRC) Subcommit tee on Welding Stainless Steel to identify the opt imum procedure for the preparation 
of austenitic stainless steel weld samples for Ferrite Number (FN) determinat ion. 

Measurement of Ferrite Content in Austenitic Stainless Steel Weld Metal Giving Internationally 
Reproducible Results 
By E. Stalmasek 

This report is a summary of the results of 14 years' work by the IIW Commission 2 in the field of ferr i te 
content measurement, done prior to 1978. 

The publication of these reports was sponsored by the Subcommit tee on Welding Stainless Steel of 
the High Alloys Commit tee of the Welding Research Council. The price of WRC Bulletin 318 is $24.00 per 
copy, plus $5.00 for postage and handling. Orders should be sent with payment to the Welding Research 
Council, Suite 1301, 345 E. 47th St., New York, NY 10017. 
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