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Difference between Small- and Large-Scale 
Testing of Weldments 

An evaluation was made of the weld metal overmatching 
effects in relation to weld joint performance 

BY R. M. DENYS 

ABSTRACT. It is often experienced that 
low weld metal toughness properties as 
conventionally measured with small-scale 
test specimens do not always reflect 
poor weld joint performance. Particular
ly, when weld metal yield strength over
matches that of base metal, considerable 
differences in small-scale (crack tip open
ing displacement — CTOD) test and large-
scale (wide-plate) test performance are 
observed. 

The objective of this paper is to exam
ine the difference in behavior between 
small- and large-scale weld metal tests. 
For this purpose, the crack driving force 
for fracture in a tension-loaded weld
ment is related to the applied strain and 
equated to the fracture-resistance prop
erties of the weld metal. 

It is concluded that both information 
on the apportionment of the applied 
deformation in a weldment and the 
degree of weld metal overmatching are 
key factors when weld metal toughness 
requirements are to be specified. Further
more, the results of the theoretical analy
sis and the experimental data illustrate 
that occasional low weld metal toughness 
properties are not a reason for concern 
provided the weld metal yield strength 
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overmatches that of the base metal. Final
ly, the practical implication is that if weld 
metals overmatch the base metals in yield 
strength, a relaxation in toughness 
requirements for the weld metal com
pared to the base metal is allowable. 

Introduction 

In order to avoid weld metal fracture in 
steel structures, it is commonly required 
that the weld metal tensile strength 
matches, or slightly exceeds, that of the 
base metal. For an important number of 
welded steel structures including storage 
tanks, pressure vessels, pipelines, off
shore platforms, bridges and so forth, 
there also exists the additional require-
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ment of low-temperature notch or frac
ture toughness, which necessitates the 
use ot alloyed weld metals. 

Since the alloy additions in the weld 
metal also increase its strength, it is well 
known that the weld metal strength may 
appreciably exceed (overmatch) the base 
metal strength, and the weld metal yield 
strength will then also overmatch the 
base metal yield strength. When such 
weld metals are used for joining structural 
steels having yield strengths up to about 
450 N/mm2 (65.3 ksi), the weld metal 
yield strength can be 20 to 40% higher 
than that of the base metal. Likewise, 
because of the dilution effects, the HAZ 
region might also be overmatched in the 
case of conventional steels. 

If the weld metal yield strength is 
higher than that of the base metal, it will 
proportionally deform less in a trans
versely loaded weldment than the "soft
er" base metal. This means that, provided 
certain conditions with regard to the size 
of the discontinuity are satisfied, over
matching weld metal can protect weld 
metal discontinuities from severe plastic 
straining. From this point of view, it seems 
attractive to assure a significant degree of 
weld metal overmatching. Unfortunately, 
there is at present little experimental data 
available to quantify this assumption in 
depth. On the other hand, the experi
mental information needed is not easy to 
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produce, largely because small fracture 
tests are not suitable for the purpose. 

The ongoing discussion on weld metal 
toughness requirements and the fact that 
these requirements are not firmly estab
lished encouraged the author to study 
the interaction between the crack driving 
force for fracture and the degree of weld 
metal overmatching. Indeed, by analyz
ing the deformation behavior of a ten
sion-loaded weldment, an analytical rela
tionship can be established between the 
crack driving force for fracture, as mea
sured in terms of applied crack opening 
displacement (COD) and as a function of 
the applied strain. As a result, the degree 
of weld metal overmatching will be 
developed and validated by examining 
some typical experimental data. 

Weld Metal Notch 
Toughness Requirements 

The effect of the differing mechanical 
properties of the various zones, i.e., weld 
metal, heat-affected zone and base met
al, in a weldment is usually assessed with 
the transverse-weld (cross) tensile test. 
When the weld metal tensile strength 
overmatches that of the base metal, frac
ture will take place in the base metal and 
the apparent ductility of the weldment 
will be high. 

lt is also, well known that these zones 
have widely differing toughness proper
ties, however, and we should not ignore 
this. It is only when a cracked specimen is 
tested that fracture may occur with much 
reduced ductility and that an indication of 
brittle behavior may be obtained. The 
reason for the difference between 
cracked and uncracked specimen defor
mation behavior is associated firstly, with 
the concentration of stresses at the tip of 
a crack-like discontinuity, and secondly, 
with the fracture-toughness properties of 
the weld metal. As a consequence, the 
main concern about the performance 
characteristics of a defective weld metal 
(or heat-affected zone, HAZ) is related to 
its notch/fracture toughness. In this con
text, it is thus essential to ensure ade
quate weld metal, HAZ or base-metal 

toughness. However, the deformation 
and eventual fracture behavior of the 
weld metal in relation to the deformation 
behavior of both the H\Z and the base 
metal is a problem area that is not yet 
well researched. 

The weld metal toughness and weld 
joint property assessment tests for frac
ture resistance are mainly evaluated by 
means of small scale tests (Refs. 1-5). At 
present, codes and specifications stipu
late small scale Charpy V-notch impact 
and/or fracture mechanics CTOD test 
requirements, which are apparently 
based on the principle that the toughness 
required for the base metal should also 
be obtained for the weld metal. The 
toughness requirements derived from 
those kind of tests are debatable for 
transversely loaded weld metals that 
overmatch the base metal in yield 
strength, because the weld metal does 
not have to perform and, provided cer
tain conditions are satisfied, the plastic 
strains in a cracked weld metal are nor
mally very small. Hence, it might be 
expected that the required weld metal 
toughness levels for adequate weldment 
performance may be lower than those 
specified for the base metal. Because of 
the complexity of the deformation 
behavior of a weldment, the results of 
small-scale tests do not always conform 
to the performance of a weldment. This 
implies that, whatever small-scale tests 
are used for measuring the weld metal 
toughness, it is important to recognize 
that those tests require more large-scale 
test data for establishing realistic correla
tions between weld metal toughness 
requirements and adequate weld joint 
performance. 

CTOD Fracture Toughness and 
Weld Metal Matching 

Because of the practical importance of 
CTOD performance requirements, it is 
intended in what follows to give a brief 
perspective view of the weld metal 
CTOD property requirements in relation 
to the matching effects in transversely 
loaded weldments. The implications of 

Table 1—Effect of Weld Metal Matching on the Required Weld Metal CTOD for Various 
Degrees of Overmatching 
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(a) Base metal yield strength. 
(b) Weld metal yield strength. 
(c) Residual stress. 
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the relative differences between the 
weld metal (o-ywrn) and base material (O-YPI) 
yield properties on CTOD toughness can 
be evaluated by interpreting them in the 
same terms as the design curve does. The 
effect of weld metal matching can then 
be taken into account by using ffywm and 
CYpi, respectively for substitution into the 
design curve (Refs. 6, 7). 

Given the same allowable crack size 
and for a design stress equal to a fraction, 
a, of the base metal yield strength: 
<r = a • ovpi, with a > 0.5, the weld metal 
CTOD (CTODwm) can be related to the 
base metal CTOD (CTODp,) by using the 
design curve equation: 

a + x • b — 
CTODw m = CTODDi- °-25 • b (-|) JP\-

a - 0.25 

In this equation, the effect of residual 
stresses is only included in the weld metal 
assessment and is accounted for by the 
factor x • b with the yield ratio 
b = o'Ywrr/o'Ypi- In what follows, two basic 
cases are considered. For stress relieved 
welds, zero residual stresses are 
assumed: x = 0. For as-welded weld
ments containing a longitudinal crack and 
therefore, subject to the transverse resid
ual-stress component, two levels of resid
ual stresses are chosen, i.e., x = 0.2 and 
x = i . The value of x = 0.2 is included to 
evaluate the situation of stress-relieved 
welds where no complete stress relief 
may have been achieved. For the design 
situation where a = % (SCF = 1), the 
CTODw m values for various combina
tions of base and weld metals are shown 
in Table 1. Here, it should be noted that 
the assumed material properties in Table 
1 represent typical values of North Sea 
offshore platform weldments. 

The calculated values indicate that 
lower weld metal CTOD requirements 
relative to the base metal CTOD can be 
specified for stress relieved weldments, 
and the higher the degree of overmatch 
is, the lower the CTODw m may be. For 
the as-welded condition, however, much 
higher CTODw m values are required. 

The results of this simple assessment 
show, irrespective of the crack dimension 
and plate thickness, that the CTOD 
design curve approach incorporates the 
expected protective effect of weld metal 
overmatching on weld metal CTOD in 
stress relieved welds. When some allow
ance for residual stresses is included in 
the CTOD analysis, the weld metal 
CTOD values are much higher than those 
required for the base metal. The latter 
prediction is often in contradiction with 
the results of wide-plate test on as-
welded specimens (Refs. 8, 9), i.e., the 
protective effect characteristic for over
matching weld metal is also effective in 
as-welded weldments. This conflicting 
experience is not too surprising for the 
simple reason that the CTOD design 
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curve is a simple one-parameter ap
proach that was not developed to cover 
the specific problem of weld metal over
matching (Ref. 7). 

The preceding observations and the 
very fact that the CTOD requirements 
generate much controversy emphasize 
the need to examine the fundamentals 
underlying weld metal CTOD or small-
scale test requirements. This can be 
achieved by performing an examination 
of the deformation behavior of the com
posing parts in a weldment, and the 
strategy to be followed would consist 
of: 

1) The development of an analytic 
model that relates the applied stress to 
the crack tip opening of a crack of 
known geometry using the stress-strain 
characteristics of the composing parts of 
a weld. 

2) The validation of the predictions 
with actual test results obtained from a 
test configuration enables a proper 
assessment of the interaction between 
weld metal and base metal deformation 
behavior. 

Large-Scale Testing 

The preceding observations indicate 
that a suitable test is needed to develop 
refined weld metal requirements. This 
can be achieved by considering a test 
specimen of representative service 
dimensions that incorporates a number 
of associated factors having an important 
effect on weld joint performance. The 
factors that affect weld joint perfor
mance are related to the interaction of 
the different material properties present 
in welded joints, the different strain-
hardening rates, the degree of crack tip 
constraint, the crack shape, size and ori
entation, the loading mode (tension ver
sus bending) and the residual stress levels. 
Unfortunately, very little reference can 
be made to either experience or small-
scale fracture test data bases to study the 
effect of those variables since these tests 
suffer from the adoption of an arbitrary 
test specimen design and of a loading 
mode. 

Thus, in view of the many variables 
involved, it is obvious that a test configu
ration should be selected that takes 
account of and duplicates, as far as pos
sible, the conditions of operation pertain
ing to the whole weldment under consid
eration. In this context, the cracked large-
scale wide test specimen is a valuable 
means to generate the required refer
ence information. Particularly, the wide-
plate tension test is a good analogue of 
such structures as pressure vessels, pipe
lines, and ship hulls, where the loading is 
primarily membrane tension. However, 
its applicability to situations where the 
primary loading is bending requires more 
study. 
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Fig. 7 - Moire pictures illustrating the extent of plastic deformation in: A-A longitudinally loaded 
weldment; B — a transversely loaded weldment. Note: closer fringe spacing denotes higher 
strains 

The Wide-Plate Test 

The notched large-scale tension test 
(or the wide-plate test) is the only large-
scale laboratory test that, provided the 
conditions for fracture initiation are ade
quately modeled, may provide a rational 
basis for the validation of small-scale test 
toughness requirements (Refs. 10-13). In 
this context, it must be remembered that 
throughout its development, the wide-
plate test has often been used to verify or 
establish small-scale test performance 
requirements (Refs. 14, 15). 

In as far as the validation of weld metal 
toughness properties is concerned, the 
wide-plate test is, in particular, a suitable 
means to obtain an improved under
standing of the interaction between crack 
size, base metal, HAZ and weld metal 
properties. In addition, weld metal wide-
plate test results may, for many applica
tions, be easier equated with practice 
than the results and analyses of small-
scale fracture mechanics tests. This phi
losophy is sometimes adopted in the 
application of a fitness-for-purpose 
approach to the assessment of low weld 
metal toughness problems encountered 
in small-scale testing (Ref. 16). 

Although the wide-plate test specimen 
incorporates many desirable features, it is 
important to admit that such tests are 
expensive and that they will never reach 
the status of a routine test. On the other 
hand, when the wide-plate test is 
retained to solve low-toughness prob
lems, it is of importance to note that 
major economic benefits can be 
achieved when account is taken of the 
costs involved in retesting, construction 
delays, over-specification, repair, etc. 
Despite this advantage, it must be 
emphasized that the wide-plate test may 

not be mistaken in its purpose with a 
small-scale test whose main functions are 
related to the reduction in testing costs or 
material/weld metal quality control or 
both. As a consequence, wide-plate test
ing should be primarily considered as an 
intermediate step in the preparation of 
small-scale test requirements. 

Wide-Plate Specimen Design 

The design of wide-plate specimens 
cannot be standardized in the same way 
as say, a CTOD specimen. The question 
as to which specimen design is best 
suited must be resolved by giving due 
consideration to the type of problem to 
be assessed. For this reason, various 
wide-plate specimen designs are avail
able to study specific problems (Refs. 10, 
12, 13). As Fig. 1 shows, a clear distinction 
must be made between longitudinally 
and transversely loaded joints. 

The evaluation of either the longitudi
nally or transversely welded test speci
men is complicated by the effect of the 
relative difference in strength of weld 
metal and surrounding base metal on 
weldment deformation behavior. The 
practical effect of this relative difference 
depends upon whether the weld metal is 
constrained to deform in the same man
ner as the adjacent base metal (Fig. 1A), 
or whether it is free to behave as a 
separate uni t -Fig. 1B. Provided the 
applied stress is parallel to the weld, the 
former situation can be modeled by a 
wide plate containing a longitudinal weld, 
while the latter situation can be modeled 
by a transversely welded wide-plate 
specimen —Fig. 2. The effect of yield 
magnitude tensile residual stresses on a 
transverse weld can be incorporated in a 
cross-welded specimen that contains a 
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Fig. 2 —Schematic representation of the effect of weld metal overmatching (Curve A) and weld 
metal undermatching (Curve B) on stress and strain distribution in: A—Longitudinally loaded 
weldment; B — transversely loaded weldment 

longitudinal and a transverse weld. The 
variants shown in Fig. 3 permit various 
possibilities to be studied (Ref. 13). 

Longitudinally Loaded 
Wide-Plate Specimens 

A weld with its length parallel to the 
major stresses will be forced to yield and 
deform despite its overmatching (viz. un
dermatching) strength if the surrounding 
base metal starts to yield —Fig. 2A. The 
interest with the longitudinally welded 
specimen lies in the readiness with which 
the effects of longitudinal weld tensile 
residual stresses may be studied. Provided 
the plate width is sufficiently large, the 
weld tensile residual stresses may reach 
yield-point magnitude. 

Though the performance characteris
tics of both the single longitudinally and 
cross-welded specimens, in relation to 
the weld matching effects, will not be 
further investigated here, some brief 
comments are in order. The evaluation of 
the former consists essentially in the 
study of the combined effect of crack 
size and toughness distribution along the 
crack tip on the deformation behavior of 
the weldment, i.e., a Kinzel type of test 

(in which the crack samples the base 
metal, HAZ and weld metal) could well 
provide the required information —Ref. 
13. With regard to the latter, the evalua
tion is very similar to that for a transverse
ly loaded weld. In other terms, the com
bined effects of crack size, the degree of 
weld metal matching and weld metal 
toughness need to be incorporated in the 
assessment of those. 

Transversely Loaded Wide-Plate Specimens 

The deformation behavior of a weld 
with its length transverse to the major 
stresses depends on the weld metal yield 
properties. If the weld metal yield 
strength overmatches that of the base 
metal, weld metal yielding will not occur 
until the weld metal yield strength is 
reached, and extensive yielding and strain 
hardening of the base metal are normally 
required to cause plastic deformation in 
the weld metal —Fig. 2B. Depending on 
crack size, a weld metal crack will largely 
be protected from plastic straining. This 
protection, of course, will not take place 
when the weld metal is sufficiently brittle 
to lead to failure under elastic loading 
conditions or when large weld metal 

cracks are present. The obvious conclu
sion is that crack size is a key factor with 
regard to the apportionment of plastic 
deformation in such weldments, and this 
issue will be discussed in more detail in 
the following sections. 

Evidently, the expected beneficial 
effects associated with weld metal over
matching will not apply to situations 
where the weld metal undermatches the 
base metal since most of the applied 
strain will be concentrated in the weld 
metal. The practical implication is that 
undermatching weld metal will need vast
ly increased toughness properties in 
order to obtain satisfactory weld joint 
performance and that particular attention 
must be given to areas where they are 
used (e.g., repair welding —Ref. 2). 

Evaluation of a Tranversely Loaded 
Wide-Plate Test Specimen 

When analyzing the deformation 
behavior of a tension-loaded, transverse
ly welded, crack-free wide-plate speci
men, it should be kept in mind that, 
although the nominal/applied stress 
across all regions of the specimen is the 
same, the nominal strains in those regions 
may be different —Fig. 2B. Another 
important point to consider is that, irre
spective of the presence of a weld metal 
crack, when the weld metal yield 
strength overmatches that of the base 
metal, the load-extension behavior of the 
whole welded joint will be governed by 
that of the base metal (Ref. 16). 

A weld metal crack will modify this 
deformation pattern and a nonuniform 
elastic-plastic strain distribution in the oth
erwise uniformly elastic strained weld 
metal will occur. In this way, four differ
ent deformation modes of fracture 
behavior can develop (Fig. 4): 1) elastic 
behavior, 2) elastic-plastic behavior, 3) 
net section yielding (NSY) and 4) gross 
section yielding (GSY). The occurrence of 
one or the other deformation mode, as 
well as the extent of plastic deformation, 
depend on a number of factors. The 
most significant ones are the test temper-
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ature, the magnitude of the applied 
stress, the degree of weld metal over
matching, the strain-hardening character
istics of the weld metal and the size of the 
crack. From a macroscopic point of view, 
the four deformation modes can be re-
categorized in two basic types. At frac
ture, the applied stress is either elastic or 
exceeds the yield strength of the base 
metal. In the latter case, it is evident that 
plastic deformation in the base metal will 
occur —Fig. 4D. 

Weld Metal Crack Acceptance Criterion 

The evaluation of the criticality of a 
weld metal crack depends on the defor
mation mode achieved in the weld metal. 
For the elastic and the elastic-plastic or 
contained yielding deformation modes, 
the fracture mechanics principles can be 
applied. For the situation of uncontained 
weld metal yielding (Figs. 4C and D), the 
limit analysis or plastic collapse principles 
could be used. 

The next factor that needs to be con
sidered is related to the weldment per
formance requirement. From an engi
neering point of view, it may be appro
priate to consider a high confidence per
formance level with respect to the 
acceptability of the test result. When it is 
intended to assess the situation in which a 
structure may be accidentally subjected 
to plastic strains in service (overloading) 
or when it is assumed that significant 
plastic strains can be accommodated 
(e.g., during pipe laying), it is practical to 
require gross section yielding (GSY) as a 
demonstration of satisfactory perfor
mance. 

Gross Section Yielding (GSY) Method 

The question of how much (elastic and 
plastic) strain should be required depends 
on the fracture control requirement. On 
the other hand, it must be noted that the 
achievable overall strain or the strain 
measured away from the crack is a 
function of the base metal mechanical 
characteristics, the crack shape and size, 
the strain-hardening rate of the net sec
tion area, the test temperature and the 
degree of weld metal overmatch. 

The first performance criterion related 
to fracture control in a wide-plate test 
specimen was established in the early 
1960's. The wide-plate test results were 
validated by comparing the gross strain, 
measured over a considerable gauge 
length, to a semi-arbitrary pass/fail gross 
strain level of 0.5% (Refs. 14, 15). This 
level corresponds to about four times the 
yield strain of the steels used at that time 
and was derived from the experimental 
observations that the plastic strain with a 
safety factor of about 2.5, at a nozzle 
with a SCF of about 2.5 loaded to 1.3 
(hydraulic pressure test) X % yield pres
sure test conditions is about that value 
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Fig. 5 — Interaction between the weld metal stress-strain and COD strain curves of a weld metal 
containing a short or a long crack, respectively. Curve A — Weld metal stress-strain curve; Curve 
B — stress-strain curve of weld metal with through-thickness crack 

(this criterion was also chosen as a safe 
measure to draw up Charpy impact 
requirements for pressure vessels and 
storage tanks —Ref. 15). Because the 
four-times-yield-strain criterion was de
veloped to provide an answer for a 
particular problem, it might be noted that 
for other applications, such as for higher 
strength steels, the four-times-yield crite
rion could be either a too severe or a too 
restrictive requirement. 

The need for a more practical engi
neering and consistent means for assess
ing either elastic/plastic or plastic wide-
plate test performance was solved by the 
development of the GSY concept in the 
early 1970's (Refs. 17, 18). The concept 
rests on the idea that when the material 
at the crack tip can sufficiently strain 
harden to compensate for the missing 
cross-sectional area in the plane of the 
crack, the applied plastic strain can be 
(uniformly) distributed all along the speci
men length prior to failure. As such, the 
GSY criterion is conceptually different 
from a fracture-mechanics-based assess
ment to brittle fracture safe design, but 
the criterion can be considered as a 
logical extension of conventional frac
ture-mechanics concepts since the wide-
plate test results can readily be assessed 
in pass/fail terms. In addition, the adop
tion of the GSY requirement is a particu
larly convenient measure to verify 
whether a representative crack can be 
safely left (fail/pass) in the structure, 
while it offers the possibility to evaluate 
failure from two aspects, i.e., brittle frac
ture associated with an adequate level of 
prefracture strain and plastic collapse. 

Since the GSY criterion is almost entire
ly empirical in its practical application, it is 
not required that certain assumptions are 
made concerning weld residual stresses, 
local peak stresses, etc., in its application. 
To distinguish between contained or net-
section yielding (NSY) from GSY, it is only 
needed to make a direct comparison 
between the uniaxial yield strength of the 

(base) material and the gross section frac
ture stress (i.e., the load at fracture di
vided by the cross gross section) at the 
temperature of interest. In case of trans
versely loaded weldments, GSY is 
achieved when the gross section fracture 
stress exceeds the yield strength of the 
base metal. Provided the weld metal 
overmatches the base metal in yield 
strength, it is thus possible to merge the 
well-established fracture mechanics rela
tionships and the requirement of GSY. 

For all the reasons discussed, and as 
the author considers the GSY to be a 
realistic requirement, it is thus reasonable 
to adopt the GSY requirement during the 
further discussion. 

Relationship between COD 
and Applied Strain, 
Analytical Modeling 

In essence, the object of this section is 
to develop a simple analytical relationship 
between the crack opening displacement 
(COD) crack driving force for a fracture 
measured in a transversely welded 
cracked tension-loaded test specimen, 
the applied deformation for a given crack 
shape (though thickness or surface break
ing), and the degree of weld metal over
matching for the case of GSY at fracture. 
Furthermore, the COD crack driving 
force is then equated to the weld metal 
CTOD fracture resistance to crack exten
sion as measured in a standard CTOD 
bend test. 

Weld Metal Behavior in Tension 

Before the interaction between the 
COD and weld joint performance can be 
analyzed, we must know how the COD 
in the weld metal alone varies with the 
applied strain. The applied gross stress-
strain (o-e) and the crack opening dis
placement-strain (COD-e) curves shown 
in Fig. 5 model the sequence of events 
for a tension-loaded, through-thickness 
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cracked weld metal. The interaction 
between these curves can be evaluated 
as follows: 

1) Low stresses produce elastic weld 
metal extension and a small crack open
ing displacement. At higher stress levels, 
but still smaller than <rYw. a local plastic 
zone ahead of the crack tip will develop 
and a further increase of the COD will be 
produced (Fig. 5 —line OA). The plastic 
zone corrected (Irwin adjustment) COD 
can then be obtained from the following 
equation (Refs. 16, 20-22): 

COD = 
1 

(2) 
t • o-fw 1 - '/2 (o7o-fw)-

in which <rfW is the flow stress of the weld 
metal, a is the half crack length and a is 
the applied gross stress. In Equation 2, o-fw 

relates to the flow properties of the 
material {i.e., the weld metal) controlling 
the extent of the plastic zone, while the 
effect of strain hardening on COD has 
been directly accounted for by replacing 
<7Yw with ofw, which has a value about 
halfway between the yield and the ulti
mate tensile strength of the weld metal. 
Furthermore, it is assumed that the oppo
site effects caused by the occurrence of 
small plastic zones at the crack tips and 
the strain hardening on the COD are 
implied in Equation 2. Hence, Equation 2 
provides a usable model to estimate the 
COD value for contained yielding situa
tions. At stress levels approaching weld 
metal yield magnitude, a better quantifi
cation of those effects is needed. In this 
connection, it should be noted that alter
native estimates of COD are possible, but 
their treatment is beyond the scope of 
this paper (Refs. 20, 21). 

2) As the stress increases, the plastic 
zone ahead of the crack tip enlarges until 
NSY occurs. After the onset of NSY, the 
applied displacement is entirely trans
mitted to the crack tips and a linearity of 
the COD-e relationship becomes notice
able during the Luders straining phase — 
Fig. 5-AB. For long cracks, all the applied 
strain goes into the crack tips through the 
slip bands, and the shape of the COD-e 
curve remains unaltered until fracture 
occurs — Fig. 5-right side. For short cracks, 
a similar behavior is exhibited at the 
lower strain range (Fig. 5-AB), but at 
higher strains (Fig. 5-BCD), the slope of 
the COD-e curve will be lowered 
because of the strain-hardening effects in 
the weld metal. 

3) When the strain hardening or the 
crack tip constraint increase the flow 
stress in the crack tip area, plastic strains 
may occur in the weld metal gross sec
tion, i.e., GSY will develop. At the onset 
of GSY, the applied displacement or the 
gross strain e is absorbed by the remote 
uncracked sections of the weld metal and 
the COD remains constant during the 
Luders straining phase —Fig. 5-BC. Once 
GSY occurs, the applied displacement is 

distributed along the entire length of the 
weld and the COD increases slowly with 
e —Fig. 5-CD. Because of the apportion
ment of strain in the remote and net 
sections of the weld metal, the COD is no 
longer proportional with the strain e. The 
slope of the curve segment BCD is con
trolled by weld metal strain-hardening 
properties and the crack size. 

Crack Shape Dependence of the COD 
Crack Driving Force 

Since surface cracks are more com
mon than through-thickness cracks, it is 
of practical importance to assess the 
shape of the COD-e curve for this situa
tion. In order to ensure consistency with 
Equation 2 and to ease the mathematics 
associated with the evaluation of such a 
crack, Equation 2 can be generalized by 
means of a crack geometry correction 
factor g. For cracks other than through-
thickness ones, Equation 2 can be 
adjusted by substituting the factor a rep
resenting the half crack length by the 
factor g2 • t in which t is the crack 
depth: 

COD = 
•K • t 1 

E • a fw 1 - V2 (o7<Tfw)2 

The crack shape correction factor g for 
surface cracks can, when compared to 
the IMewman-Raju analysis (Ref. 22), con
veniently be approximated to within 5% 
by the Dufresne correction factor (Ref. 
23): 

1.14-0.96 t/l 
(t/B)2 

(4) 

0.2 + 4.9 (2t/l) 1,2 

in which B is the plate thickness, I the total 
crack length and t is the crack depth. If 
we now return to Fig. 5, it can be verified 
that with the applied stress being the 
same, the elastic COD for a surface crack 
will be smaller than for a through-thick
ness crack of the same length. As a 
further consequence, it is important to 
note that the position of the entire COD-
e curve will be lowered because of the 
reduced constraint to plastic flow exhib
ited by a surface crack. For deep cracks, 
there is a small difficulty associated with 
Equation 3 in that the crack tip plastic 
zone may extend through the uncracked 
ligament behind the surface crack 
towards the back face of the specimen 
(ligament yielding —LY). Widespread 
yielding invalidates the application of 
Equation 3 and the ligament plasticity 
causes the COD to increase with applied 
stress at a higher rate than before LY. For 
the present purposes, the COD due to 
LY and beyond will not be considered so 
that the g factor remains usable until the 
onset of LY, i.e., for a < [1 - t/B] • <rfw 

(Ref. 19). It should be noted that the 

COD during LY can be calculated using 
the solution given by McHenry, et al. 
(Ref. 21). After NSY of the whole cracked 
section and for stresses above NSY (i.e., 
for GSY), the interaction between COD 
and e will, depending on the crack size, 
be similar to that described for the case 
of through-thickness cracks. 

At this stage, it should be pointed out 
that the assessment of the deformation 
behavior in case of a HAZ crack is more 
complicated. However, as long as the 
plastic zone is small enough to be con
tained within the HAZ, the same princi
ples of analysis apply. 

Weld Joint Behavior in Tension 

The analytic relation between COD 
and e for weld metal only, Equation 2 or 
3, provides now the basis to predict the 
effect of overmatching weld metal yield 
strength on weld joint performance in 
the event that the degree of overmatch
ing and the acting stress or strain are 
known. Since a welded joint consists of 
two different materials (abstraction is 
made of the HAZ region) having their 
own stress-strain characteristics, a distinc
tion is to be made between a cracked 
and an uncracked weldment —Fig. 6. 
Because of the overmatch, the (un
cracked) weld metal stress-strain curve, 
Curve A, lies above the stress-strain 
curve of the base metal, Curve C. When 
the weld metal contains a crack, yielding 
of the net section occurs at a stress 
below the uniaxial yield strength of the 
weld metal. As a consequence, the posi
tion of the cracked weld metal stress-
strain curve differs from Curve A. Its 
position, Curve B, in relation to that of 
the weld metal or that of the base metal, 
depends on the crack size. For the pur
pose of the present discussion, Curve B is 
positioned between Curves A and C (Fig. 
6), whereas, as pointed out earlier, the 
stress-strain curve of the whole (cracked) 
welded joint will coincide with that of the 
base metal, Curve C —Fig. 6. Hence, only 
the Curves B and C (Figs. 6 and 7) are of 
direct interest to characterize weld joint 
performance in the presence of a weld 
metal crack. If we recall that in a trans
versely loaded weld, the applied stress 
on each cross-section is the same while 
the acting strain in each of these sections 
is different, the interaction between 
COD and e can be evaluated as fol
lows—Fig. 7: 

1) For applied stresses up to the base 
metal yield magnitude, the COD can be 
calculated by means of Equation 2 or 3, 
and its value is represented by point E. 

2) With further straining, the weld 
joint stress-strain response is character
ized by Curve C. During the Luders 
straining phase (plateau EF), the COD will 
not increase and the corresponding 
COD-e curve is represented by a hori-

38-s | FEBRUARY 1989 



zontal line EF. It should be noted that the 
strain at point F can be as much as the 
Luders strain, and this can amount to 1% 
and beyond. 

3) A subsequent increase in stress will 
provoke both a further elastic straining of 
the weld metal (portion EA on Curve B) 
and strain hardening of the base metal 
(portion FG on Curve C). The COD-e 
response is then characterized by curve 
OEFA. When fracture occurs at point A 
{i.e., elastic fracture of the weld metal), 
the fracture strain of the weld joint will be 
as much as eA. 

4) If the weld metal toughness is high, 
the shape of the weld metal <r-e curve 
will be similar to that of Fig. 5 (short crack, 
Curve B). The displacement imposed at 
the specimen ends will then be appor
tioned: both plastic straining of the base 
metal and crack tip opening will be pro
duced. The COD-e curve can take one of 
the following shapes: 1) when fracture 
occurs at C (Curve B, Fig. 7), the corre
sponding COD-e curve is represented by 
OEFAC and, 2) when fracture occurs at D 
(Curve B, Fig. 7), the corresponding 
COD-e curve is represented by 
OEFACD. 

With changing position of Curve B, a 
similar analysis can be performed. For 
instance, for larger weld metal cracks, the 
position of Curve B will be lowered. This 
situation represents also the case, the 
crack length being unaltered, of a lower 
degree of overmatching or even under-
matching. Particularly, when Curve B lies 
below Curve C (Fig. 5, long crack), it can 
be readily verified by means of Fig. 7 that 
weld joint performance can be very poor 
since all the applied strain goes into the 
crack tip. 

© 

Fig. 6 - Weld metal (Curve A) and base metal (Curve B) stress-strain curves of a crack-free and 
cracked weldment for weld metal overmatched in yield strength. Curve B is the stress-strain curve 
of the weld metal 

0.055 mm. It should be noted here that 
the error on this value is negligible for the 
input data considered; it could well be so 
that the COD value is overestimated 
since the plasticity effects caused by a 
stress level of 0.69 (= 360/520 N/mm2) 
are small indeed. When, in the previous 
example, the value of o-Yw is reduced 
from 560 N/mm2 to 460 N/mm2 ( o W 
O-UTSW = 400/520 N/mm2), i.e., if the 
degree of overmatching is reduced from 
49% down to 14%, the COD crack driv
ing force increases from 0.055 mm to 
0.077 mm. Similar calculations can dem
onstrate that an increase of crack size will 
cause a similar effect on the COD like a 
reduction of the degree of weld metal 
overmatch does. 

For the situation of a surface crack 
having a depth of 5 mm (0.2 in.) (10% of 
plate thickness) and length/depth ratios 
of 20:1 (length 1 = 100 mm/4 in.), 10:1 
(1 = 50 mm/2 in.) and 5:1 (1 = 25 mm/1 
in.), the COD levels to achieve GSY at a 
stress level of 360 N/mm2 are 0.027 mm, 
0.025 mm and 0.020 mm, respectively. 

Even if one argues that the opposite 
effects of crack tip plasticity and strain 
hardening on COD in Equations 2 and 3 
are not correctly accounted for, the 
numerical examples given suggest that 
for stresses below CTYW, but which 
produce GSY, the COD crack driving 
force for fracture will be small. However, 
larger COD values, and thus lessened 
protection from overmatching, will be 

Practical Significance of the 
Relationship between COD and 
Overall Strain 

Previous considerations have illus
trated that the weld metal yield strength 
is an important parameter because it 
controls strongly the COD crack driving 
force. Thus, the amount of weld metal 
yield strength overmatching, as well as 
crack size, are important factors to pro
tect the weld metal crack from severe 
plastic strains. 

Given Equations 2 and 3, and if we 
accept the compensating error men
tioned earlier, it is possible to calculate, 
for stress relieved welds, the COD for 
the following examples. If the base metal 
yield strength (ayp\) of a 50-mm (2-in.) 
thick weldment containing a through-
thickness crack of 25 mm (1 in.) is 350 
N/mm2 (50 ksi) and provided that the 
weld metal flow stress (<7fW) is equal to 
560 N/mm2 (80 ksi), with <7Yw/ 
O-IJTSW = 520/600 N/mm2 , the COD for 
an applied stress of 360 N/mm2 implying 
the occurrence of GSY is, Equation 2, 

cr-e curve 
(plate, weldment) 

G 

COD-e 

CI 

D 

-4 i 
applied strain e 

Fig. 7 — Schematic representation of gross stress a and COD dependence on gross strain ein a weld 
metal cracked tensile loaded wide-plate specimen. Curves A, B and F are the weld metal 
stress-strain and COD strain curves. Curves C, D and F are the weldment stress-strain and COD 
strain curves 
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Fig. 8-Moire fringe pattern visualizing the extent of plastic deformation in a 50-mm-thick 
weldment containing a prefatigued weld metal surface crack of 160 X 18 mm. Note: closer fringe 
spacing denotes higher strains 

obtained for larger crack sizes. Similarly, 
at higher stresses or at large plastic strains 
in the base metal, ligament or NSY yield
ing can occur, and the computed COD 
values will diverge from the actual occur
ring COD values. 

The next step in appreciating the prac
tical significance of the relationship 
between the COD and applied strain e 
consists in comparing the difference 
between the crack tip opening displace
ment (CTOD), as measured in the (highly 
constrained) three-point bend test, and 
the crack driving force for fracture 
(COD), as measured in a tension mode of 
loading. Because of the reduced con
straint associated with the latter, crack 
opening can more readily occur, and the 
COD crack driving force will be larger 
than the CTOD (Ref. 10). This implies that 
more crack tip toughness will be available 
than predicted by the CTOD bend test. 
In other words, when a CTOD fracture 
toughness level of 0.25 mm (which is 
typical for offshore applications) is speci
fied, one can easily deduce, with the help 
of Fig. 7 together with the information 
obtained from the above examples, that 
for cracks of the given sizes located in 
overmatched weld metal, fracture in a 
transversely loaded weldment may occur 
at a strain level of 1% or higher. Since that 
amount of strain is not necessarily 
needed, it can already be concluded here 
that more attention should be given to 
the favorable effects associated with the 
use of overmatched weld metal and that 
the commonly specified weld metal 
CTOD requirements should be reas
sessed. 

Experimental Work 

The validity of the above findings has 
been verified on several occasions by 
performing wide-plate tests on trans
versely loaded welded joints containing 
either through-thickness or surface weld 
metal cracks (Refs. 24-26). In the follow
ing, a selection of some complementary 
wide-plate test data is presented togeth
er with the corresponding small-scale test 
data, namely CTOD, Charpy V-notch 
energy, and yield and ultimate tensile 
strengths at the temperature at which the 
wide-plate tests were executed. Particu
larly, the results obtained on (a) a 50-
mm-thick butt joint welded wide-plate 
specimen in a BS 4360 Grade 50E steel 
and (b) a girth welded and curved wide-
plate test specimens, extracted from steel 
line pipes in API 5LX65 of 22-mm (0.9-in.) 
wall thickness are reported (Ref. 26). 

Test on Welded Butt joint in a 
50-mm-Thick Plate 

Space does not permit one to give the 
full weld details. The following informa
tion, however, suffices to appreciate the 
test result. The material was a normalized 
steel with a yield strength of 364 N/mm2 

(52 ksi). The plate was welded by the 
SMAW process with a heat input of 2.3 
k j /mm using a single-V preparation. All 
testing was performed in the as-welded 
condition. The weld metal tensile proper
ties were: <TYW/O-UTSW = 529/593 N/mm2 

(75/85 ksi) i.e., the degree of weld metal 
overmatching was 45%. The weld metal 
had a Charpy V-notch energy of 

between 8 and 24 J at - 4 0 ° C (-40°F), 
while the CTOD properties at - 1 0 ° C 
(14°F) were 0.02/0.05/0.14 mm (B X 2B) 
and 0.04/0.15/0.21 mm (B X B). The 
wide-plate panel was 800 mm wide and 
1000 mm long (31.5 X 39 in.). Test tem
perature was —10°C. The specimen con
tained a fatigue-sharpened surface crack 
160 mm long X 18 mm deep (6.3 X 0.7 
in.) located in the weld metal. The speci
men did not fracture at an overall strain 
of 2.9% (gauge length 800 mm). The 
stress at the end of testing was 410 
N/mm2 and the COD, measured at the 
plate surface, was 2.9 mm corresponding 
to a crack tip opening of approximately 
1.0 mm. The moire picture reproduced in 
Fig. 8 provides evidence that GSY 
occurred. 

Tests on Pipeline Girth Welds in API 5LX65 
Steel Pipe of 22-mm Wall Thickness 

The pipe material had a yield strength 
of 490 N/mm2 (70 ksi). The girth welds 
were made with either the automatic 
GMAW or manual SMAW welding pro
cess. The degree of weld metal over
matching was 53% and 35%, respective
ly. The minimum Charpy V-notch impact 
properties at - 4 0 ° C were 60 J (GMAW) 
and 18 J (SMAW). The minimum weld 
metal CTOD toughness properties (spec
imen geometry: B X 2B) at —10°C were 
0.07 mm (GMAW) and 0.12 mm 
(SMAW); at - 4 0 ° C they were 0.03 mm 
(GMAW) and 0.09 mm (SMAW). The 
curved wide-plate specimens were 300 
mm wide and 900 mm long (12 X 35 in.). 
Note that the pipe curvature was re
tained in the specimen. The wide-plate 
tests were conducted at — 10°C and 
-40°C . In total, some 40 wide-plate 
specimens were tested. They contained 
either (artificial) fatigue-sharpened sur
face cracks in the weld metal or buried 
natural (i.e., moisture porosity, shielding 
porosity, incomplete penetration, incom
plete fusion) weld metal discontinuities. 
The surface cracks were about 50 mm (2 
in.) long X 6 to 10 mm (0.24 to 0.40 in.) 
deep, while the buried discontinuities 
were 300 mm long X 6 mm high. All test 
results showed that GSY occurred at 
overall strain levels in excess of 3 to 5% 
(gauge length 400 mm/16 in.) (Ref. 26). A 
typical moire picture obtained during the 
course of this investigation is reproduced 
in Fig. 9. Note that the strain concentra
tion in the weld area is caused by the 
ductile fracturing process. Figure 10 
shows two photographs of a typical frac
ture face and a detail of a fatigue-
sharpened crack. 

Discussion of Test Results 

The results of the experiments on as-
welded wide-plate test specimens con
taining cracks in overmatched weld metal 
and loaded in tension have demonstratea 
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that low weld metal toughness (both in 
terms of Charpy V-notch impact tough
ness and CTOD fracture toughness) can 
give adequate weld joint performance. 
These results revealed further that in an 
overmatched transversely loaded weld
ment, not all of the imposed deformation 
will necessarily be concentrated at the 
crack tip, and that the combined effects 
of weld metal yield strength overmatch
ing, crack size and strain hardening can 
cause plastic straining or gross section 
yielding to occur away from the cracked 
weld metal cross-section. Furthermore, 
the results of the experiments demon
strated that the definition of either small 
or large cracks has a relative meaning. For 
example, recall that a weld metal surface 
crack of 160 X 18 mm in a 50-mm-thick 
weldment gave GSY. 

Summary 

The results of the present study pro
vide incentive for a further in-depth 
quantitative assessment of the weld met
al overmatching effects on both weld 
joint performance and weld metal frac
ture toughness requirements. The ele
ments relevant to perform such an 
assessment involve both the develop
ment of a fracture mechanics model that 
relates the degree of weld metal over
matching, the applied load (deformation), 
crack size and COD crack driving force, 
and experiments to establish the validity 
of the analytic model. 

Performance requirement— From an 
engineering point of view, the gross sec
tion yielding requirement assures ade
quate weldment performance and is thus 
a suitable criterion fit to establish weld 
metal toughness requirements. 

The GSY requirement not only pro
vides a large safety margin, in terms of 
straining capacity, against fracture, it is 
also characterized by an apportionment 
of the applied deformation into crack 
opening displacement and plastic strain
ing of the remote material regions. For 
transversely loaded weldments, the 
apportionment of the applied deforma
tion will be facilitated by using over
matching weld metals. This also means 
that the fracture behavior of a cracked 
weld metal does not solely depend on 
the weld metal fracture toughness. 

These benefits cannot be claimed 
when fracture occurs for either the con
tained or net section (NSY) mode of 
yielding. In those cases, the COD crack 
driving force for fracture is directly pro
portional to the applied deformation, i.e., 
the fracture safety for both the contained 
and NSY mode of yielding depends en
tirely on the crack-tip toughness. The 
latter might be an unreliable feature in 
high-performance structures. 

The occurrence of contained, NSY or 
GSY yielding depends essentially on crack 

Fig. 9 —Moire picture of wide-plate test specimen described in Fig. 10. Note: the high density of 
fringes along the fracture path are caused by the ductile fracturing process 

size, degree of overmatching, crack-tip 
constraint and strain hardening. High 
weld metal strain-hardening properties, 
yield elevation by constraint, short cracks 
and a high degree of weld metal over
matching are favorable to develop GSY. 
For weld metals having a moderate 
strain-hardening capacity, for long and 
deep cracks and for weld metals with a 
low degree of yield strength overmatch, 
GSY cannot occur. In the latter case, the 
deformation mode at fracture will be 
either contained or NSY. From a practical 
point of view, it is obvious that one must 
be assured that adequate weld metal 
overmatching is available because this 
simple measure contributes to the occur
rence of GSY. For the time being, and 

until more experimental evidence be
comes available, it is felt that a weld metal 
yield strength overmatch of some 20% 
relative to that of the base metal in 
transversely loaded weldments would 
already protect weld metal cracks from 
severe plastic strains. 

Analytical modeling—The analytical 
modeling of a cracked tension-loaded 
weldment has illustrated that the effect of 
weld metal overmatching on COD crack 
driving force can be incorporated into 
the GSY performance requirement. The 
physical interpretation developed during 
this study indicates that for relatively small 
COD crack driving forces, GSY may easi
ly be obtained. This interpretation holds 
only when contained plasticity occurs in 

Fig. 10— Typical fracture surface of curved wide-plate specimen. Crack size is 55 X 10.1 mm. Test 
temperature was —40°G Strain at fracture was 6.4% (CTOD = 0.07 mm) 
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the weld metal; the present analysis is 
thus not adequate for general application 
and further refinements are needed to 
incorporate the situations of ligament 
yielding (surface cracks), NSY and residual 
stress effects. 

However, though ligament yielding 
causes the COD driving force to increase 
with applied strain at higher rate than 
before ligament yielding, the experimen
tal data have further demonstrated that 
the crack driving force for fracture, in the 
presence of relatively large cracks giving 
GSY, was several times the CTOD frac
ture resistance. This finding illustrates that 
relief of geometric constraint is also a key 
factor in estimating fracture resistance. 

Experimental assessment— Although 
the conventional three-point CTOD 
bend test is a valuable elastic-plastic frac
ture mechanics parameter for the assess
ment of crack severity in brittle materials, 
it must be admitted that the three-point 
CTOD bend test gives merely informa
tion on the local crack tip fracture tough
ness. Hence, the weld metal fracture 
toughness, as measured in a CTOD test, 
may ignore the beneficial effect of weld 
metal overmatching on the strain pattern 
in and around the weld. In addition, it 
should be noted that the use of the 
CTOD design curve to quantify precisely 
the effect of weld metal overmatching on 
weld joint performance may produce 
overly pessimistic CTOD requirements in 
the sense that the COD driving force for 
fracture is overestimated (recall that at 
the time of the development of the 
design curve concept, no consideration 
was given to the particular effects associ
ated with weld metal matching). 

This study has shown that the potential 
advantages that might accrue from the 
use of weld metal overmatching on both 
weld joint performance and tolerable 
crack size, and thus the required tough
ness, must be evaluated by a test config
uration that incorporates the various fac
tors that affect weldment behavior. As 
such, the tension-loaded wide-plate test 
can be used to simulate structural behav
ior of an important number of structural 
details and to treat the recurring problem 
about weld metal toughness require
ments on a laboratory scale. Unfortu
nately, the costs involved in performing 
wide-plate test precludes its general 
application. 

Therefore, for weldments in which the 
combined effects of weld metal over
matching and crack size have a prodi
gious effect on the COD crack driving 
force, an alternative small-scale specimen 
design should be developed that can 
readily simulate the difference between 
the strength of the base metal and the 
weld metal, and the degree of constraint 
experienced by weld cracks. In this con
text, the study of a four-point bend 
CTOD test merits serious consideration 

since this test configuration permits the 
assessment of the interaction between 
the relative deformation capacities of the 
various regions in a weldment. Further 
virtues are simplicity in testing and the 
possibility to aid the interpretation of 
wide-plate test results (Ref. 3). 

Conclusions 

This study has shown that the strength 
of a transversely loaded weldment with 
weld metal cracks cannot be predicted 
by the performance characteristics of the 
base metal and the weld metal (or HAZ) 
alone but is a complex function of both. It 
has also been pointed out that the results 
of small-scale fracture toughness tests are 
extremely difficult to interpret because of 
the concomitant beneficial effects of 
weld metal overmatching on weld joint 
performance. 

The role of the distinctive features 
associated with the interaction between 
weld metal yield strength overmatching, 
crack size, applied strain and toughness in 
determining the performance of weld
ments requires further study. Such a 
study would, in turn, provide the basic 
information to establish a rational basis 
for weld selection and design. The infor
mation which is urgently needed is, 
among others, related to the following: 

1) The study of the dependence of 
the COD crack driving force for fracture 
on applied load and crack size for various 
degrees of weld metal overmatching. In 
other words, research should be directed 
to determine the factors that determine 
the deformation behavior of weld metal 
(or HAZ) with the further aim of resolving 
the extent to which the mechanical and 
fracture toughness properties of this 
zone determines the performance of the 
weldment. 

2) The development of a simple but 
suitable testing technique in which the 
advantages of weld metal overmatching 
on weld joint performance can be quan
tified. In a sense, tests of structural com
ponents or wide-plate tests should be 
encouraged in order to discover better 
small-scale test methods that provide an 
integrated index of weldment perfor
mance. 

For the time being and apart from the 
foregoing observations, the most perti
nent conclusion is the advantages of 
weld metal overmatching should be 
more precisely reflected in material 
design codes and specifications. Since the 
variation in base material yield strength 
supply range of modern steels, where the 
required yield strength is achieved by a 
thermomechanical treatment/acceler
ated cooling (TMCP) or quenching and 
tempering (QT), can amount to 25% of 
the minimum specified value, it is evident 
that an upper bound value of the base 
metal yield strength should be specified in 

order to maintain a minimum degree of 
weld metal overmatching in fabrication 
welds. In particular, when high-strength 
TMCP steels (<ry > 420 N/mm2) are used, 
this requirement is a key factor to ascer
tain adequate weldment performance. 
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