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Abstract. The fracture parameters being used in EPFM are the J-integral and the crack tip opening displacement 
Methods are available for determining J and CTOD as driving force paramters as functions of applied load or 
strain. When using J and CTOD in testing for determining the fracture resistance of a material it is seen that they 
do not uniquely descnbe a material' s frncture behaviour. This is due to constraint effects which depend on a 
number of paramters, in particular geometrical parameters. 
Recently a further so urce of constraint effects has been extensively reported: if a crack is located near the interfuce 
between two mechanically dissimilar materials then the crack tip :field may be distwbed, resulting in a variation 
in the driving force and constraint and hence crack growth resistance. 
Methods are being developed for determining the driving force and crack growth resistance under these circurn
stances. 

l. INTRODUCTION 

Loss of lives and of capital investment as well as severe 
pollution of the environment can be the result of :failure 
of engineering structures, such as pipelines, aeroplanes, 
pressure vessels, to name only a few examples. In order 
to rninimize these risks - which are increasingly unac
ceptable by society - critica! conditions of flawed 
structures must be quanti:fied. Although fracture mecha
nics has developped powerful tools which are mature 
for routine applications the assessment ofthe severity of 
crack-like flaws is :frequently unduly conservative, with 
unknown safety margins. Recent developments in 
fracture mechanics have therefore been aimed at gaining 
better insight into the mechanics and mechnisms c:f 
fracture and consequently at deriving more accurate 
assessments. 
The present contribution describes sorne of these deve
lopments; it is not supposed ro represent a comprehen
sive review, it is rather mainly a brief overview on 
work performed in the author's laboratory. Due to 
space limitations the material properties considered are 
restricted to ductile stable crack growth, whereas stati
stical aspects of the ductile-to-brittle transition regime 
of steels are not considered. 

The basic equation 

Driving Force= Resistance 

expressed in terms of stress intensity fractor, K, J
integral, or crack tip opening displacement (CTOD), o, 
gives a failure condition, either as stable or unstable 
extension of a pre-exsisting crack. 
For determining the driving force, simpli:fied engi
neering estimation procedures or fu1l scale :finite ele
ment analyses are in use. The material's resistance 
against crack growth is usually determined using stan
dard test methods which are designed to provide high 
constraint conditions in the test specimen and hence to 
result in lówer bound fracture resistance. 

In the following, both the fiacture resistance and the 
crack driving force will be closely examined. This will 
be done within the framework of the newly developped 
GKSS procedure Engineering Flaw Assessment Me
thod (EFAM) [1-4]. 

2. FRACTURE RESISTANCE 

When determining the stable crack growth behaviour c:f 
a given material, the non-uniqueness of the crack 
growth resistance curve (R -curve) arises as a matter c:f 
concem The reasons are: 
• Effects of constraint on crack growth resistance, 
• Ability of the frncture parameter J or CTOD to 

correlate uniquely only a limited amount of crack 
growth. 

2.1 Effects of Constraint 

The micromecbanisms of ductile crack growth - fonna
tion, growth, and coalescence of microvoíds - and 
hence the macroscopically determined resistance against 
crack growth depend strongly on the degree of triaxiali
ty of the stress state, often referred to as ,constraint", 
Fig. l. Constraint in turn is affected by parameters such 
as 

• Relative crack length, aiW 
• Slenderness of remaining ligament, (W' -a )/B 
• Biaxiality of applied load 
• Loading mode tension versus bending 
• Strain hardening 
• Degree of plasti:ficatiOit 

Figs. 2 and 3 illustrate the :frequently observed effects of 
thickness and of loading mode on crack growth resi
stance. This can be easily understood qualitatively, as 
greater thickness tends to promote conditions of plane 
strain and hence lower crack growth resistance. Similar
ly, under bending loading a specimen can more easily 
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maintain plane strain conditions than a tensile loaded 
specimen, provided in that specimn the crack runs 
against a free edge. If, however, a double edge cracked 
tensile specimen (symbol DENT in Fig. 3) is looked 
at, plane strain is again easily realized which manifests 
itself in a low resistance against cmck growth. 

On the other hand, thin sections tend to be in plane 
stress conditions, irrespective of specimen geometry or 
loading mode. The term ,thin" can be defined. such 
that the size of the plastic zone exceeds the specimen 
thickness. The data shown in Fig. 4 were obtained on 
d.ifferent specimen geometries, yet they form a common 
scatter band. The specimens had a thickness of 5 mm 
and can be regarded as ,thin" according to the above 
dfinition. In this diagmm the crack growth resistance is 
measured as the 5s type CTOD (8]. 

A further fmding of interest is summarized in Fig. 5: 
Thickness alone is not sufficient for a specific state cr 
stress, it is the gemetry of the remaining ligament, 
defmed as the slenderness 

S= (W-a.) 
B 

(1) 

which controls the conditions in the specimen [10]. 
S=1 characterizes a square ligament, a geometry which 
is used in standard test procedures. When S> 1, then 
the out-of-plane constmint is relaxed until a saturation 
at S=3 is reached. This means that when in a CT spe
cimen S;;::3 the R-curve determined is characteristic cr 
thickness only. It is not clear whether other specimen 
geometries exlnbit a similar behaviour. The relaxation 
of out-of-plane constmint has been demonstmted by 
means of measurements of the thickness reduction cr 
the specimens tested [10], Fig. 6. 

Due to the complex interaction of geometrical parnme
ters and crack growth resistance the elastic-plastic stan
dard test methods [11-14] restrict the specimen geome
try to single edge cracked bend (SENB) and compact 
tension (Cn specimens with square ligaments; the 
tests are thus aimed at genemting lower bound values. 

2.2 CTOD (os) as a Correlation Parameter 

A further source of R -curve variability is given by the 
experience that J or CTOD characterize the crack 
growth process only for a limited amount of crack 
growth 

Lla* = a.(W -ao) =abo, (2) 

Fig. 7. Empirical evidence shows that the cmck tip 
opening displacement, &, correlates a greater amount of 
crack growth than J, see Fig. 7. The example in Fig. 8 
demonstmtes this clearly. It should be noted that this 
"kind of investigation has to be carried out on speci
mens with the same constmint conditions. In the ex
ample shown in Fig. 8 plane stress conditions can be 
assumed for a1l specimens tested 

The suitability of os as an opemtional definition of the 
CTOD and as a pammeter for correlating crack growth 
has been described elsewhere [2, 8]. In short, due to ist 
local measurement at the crack tip os is independent cr 
the global behaviour of the specimen. The direct dis
placement measurement does not require cahbarion 
functions, so that os can be measured. on any specimen 
or component with a surface breaking crack, thus facili
tating tmnsferability studies. Studies of the behaviour 
of mismatched welded joints take also advantage of the 
local nature of os measurements [16]. Cmck growth 
under corrosive conditions, cyclic loading, and under 
creep conditions has also been successfully descnbed 
using os. Furthermore, it can be demonstrated that at 
least in the domain of elastic-plastic fracture mechanics 
Os is close to the standardized CTOD [1, 12-14]. 

(3) 
0.6Lla +0.4(W -a.) 

+ V 1• 
0.6(a. + tla -0.4W + z p 

with the advantage that Ostanc!ard can only be determined 
on bend and CT specimens whereas os is independent 
of this restriction, as stated above. Fig. 9 presents two 
examples. In addition, os is uniquely - i.e. size and 
geometry independently - correlated with the J-integral. 
In Fig. 10 the J-Os correlations of a CT and a CCT 
specimen are identical up to the limit of J-controlled 
crack growth in the CT specimen [18] which - accor
ding to Eq. (2) and Fig. 7 is given by a.=O.l. For 
more examp1es see Refs. [5, 7, 8, 9, 17]. 

2.3 Adjusted Testing 

As it was stated above, elastic-plastic fracture mecba
nics test standards are restricted to determining lower 
bound R-curves, see Fig. 1, which are sometimes 
representative of the conditions present in a component. 
According to Fig. 11 the R-curve determined on a bend 
specimen matches peifect.ly that obtained on a tubular 
joint for which an FE analysis has shown that the 
cmcked cross section is primarily under bending [18]. 
However, structural situations are often characterized by 
constraint 1ower than that present in CT or bend spe
cimens with square ligaments. The GKSS test proce
dure EFAM GTP 94 [1] provides sorne hints for te
sting in order to avoid unnecessary conservatism. The 
batched bands in Fig. 12 represent the variation cr 
crack growth resistance for several specimen configura
tions. Windows 1 and 2 can be deduced from Fig. 5, 
window 3 represents the behaviour of CCT specimens. 
It should be noted that EF AM GTP 94 is the only test 
method proposing elastic-plastic testing of CCT spe
cimens in procedural form. 

2.4 Mismatched Welds 

Yield strength mismatched welds represent an im
portant class of heterogeneous structures and add an 
additional source of constmint with related consequen
ces for cmck growth resistance. Comprehensive compi
lations ofthis topic can be found in Refs. [19, 20]. The 
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many parameters involved can be condensed to three 
main parameters controlling the constraint conditions 
(16], Fig. 12: 

• Ligament to weld width 

W-a v=-H 
(4) 

Thickness to weld width, B/H, for three
dimensional cases 

• Yield strengh mismatch ratio 

with M < 1 referring to undermatch 
and M > 2 referring to overmatch, 

(5) 

where crYW and (Jys designate the yield strength cf 
weld metal and base plate, respectively. 

The determination of structurally relevant crack growth 
resistance has to account for the thus induced constraint 
effects. Fig. 14a shows that for a given combination cf 
weld metal and base plate the resistance against crack 
growth is reduced if the width of the undermatched 
weld metal strip is reduced, corresponding to an increa
se in '1'· The orgin of this behaviour is the increase in 
contraint if a softer material is surrounded by a less 
deformable material; for more information see Section 
3.2 below. 

The toughness of a given heat affected zone (HAZ) can 
widely vruy depending on the yield strength of the 
weld metal next to it, Fig. 14b. A soft weld metal 
leads to a reduction in constraint in the HAZ as compa
red to an overmatched weld metal and hence to an 
increase in toughness. 

Outside speci:fic windows (given by M and 'lf) the 
determination of critical J values or J-R-curves requires 
additional J cahbrations [16] also in this case the os
technique can be easily applied as no calibration functi
ons are needed 

2.5 Combinded Testing and Micromechanics 
Analysis 

A contnbution on recent developments would be in
complete without making mention of the merits cf 
micromechanics. In principie, micromechanics models 
are aimed at predicting the behviour of notched or 
cracked components from experimental data obtained 
by tests on smooth and notched tensile bars which are 
needed to cahbrate the models. In view of the still 
existing difficulties a combination of R-curve testing 
and micromechanics analysis seems to be an attractive 
alternative. A standard test - which may be required 
anyway for characterising the material - delivers the 
lower bound R-curve in Fig. 1 as the basic fracture 
information, and a micromechanics model tuned by 

that R -curve. may then by used to drive the crack 
through a component of any size and geometry. 
For example, the cohensive zone model (CZM) assu
mes that a fracture energy, ro, is constant throughout 
the whole process of crack growth whereas the increase 
of experimentally determined crack growth resistance is 
dueto the plastic work required for driving the cohesi
ve zone through the material. [23-25]. Fig. 15 displays 
the basic idea of the CZM. 
The separation process in the cohesive zone can be 
characterized by the fracture energy, ro, which can be 
determined in a fracture mechanics test as ro is identi
fied as the initiation value, J¡, and by the separation 
stress, T o, which can be determined in a suitable tensi
le test [24, 25]. The plastic work can be computed 
using the deformation properties of the material. Al
though strictly spoken no R-curve is needed for calibra
ting the CZM it may be useful for fine tuning the com
putational model. A validation is shown in Fig. 16: an 
aerospace material - aluminium alloy 2024-T351 - was 
tested as two 50 mm wide and two 1 m wide CT 
specimens. The CZM matches the small specimens 
perfectly, sorne deviation on the conservative side is 
observed for the large specimens. 
Similar thoughts and applications apply for other 
micromechanical models, such as the Gurson model. 

3. CRACK DRIVING FORCE 

The crack driving force for a structural component can 
either be computed using well developed finite element 
codes or estimated using engineering assessment me
thods, e.g. the R6 method [26], the BSI method PD 
6493 [27] or the ETM [3, 4]. An advantage of the 
engineering assessment methods is that they are com
prehensive, i.e. in addition to estimating the driving 
force they give guidance on treating input quantities. In 
the following, sorne basic items of the ETM will be 
described. 

3.1 Homogeneous Structrues 

Contained yielding (F ~ Fr) 
Contained yielding is defined as that regime where the 
applied force, F, is smaller than or equal to the net 
section yield load, Fv, for which a number of solutions 
are given in an appendix in [3]. The CTOD in terms cf 
Os is given by 

(6) 

where K.rr is the plasticity corrected, effective stress 
intenstiy factor; in plane stress, m = 1 and ~~ = 

2.41 ~mm, in plane strain, m= 2 and ~~ = 2.09~mm 

the J-integal is estimated by 

J= K~ 
E 

(7) 
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Fui/y plastic state (F > Fr) 
The driving force is given by 

o [ J ]l:N [ F ]~ E o,: = ~ = Fy = E: (8) 

which is a size and geometry independent master curve, 
depending on the material by the strain hardening 
exponent which is defmed by 

forcr > crv (9) 

In Eq. (8) Ea is the applied strain, Ev = crv/E, Osv is Os 
as evaluated with Eq. (6) at F=Fv, and Jv is J as eva
luated with Eq. (7) at F=Fv. 

Fig. 17 shows the driving force CUIVe for os and the 
detennination of critica! conditions if the material is 
represented by a single-valued parameter, 05mat· Cricical 
conditions can also be estimated using the R-curve 
technique, for both load control and strain control. The 
ETM allows also the treatment of cracks at stress con
centrations and the estimation of the load line dis
placement 

Compilations of solutions for the stress intensity factor 
and for the yield load and guidance for transfening 
material properties from a specimen to a structural 
component are given in appendices. 

For a more detailed description including sorne valida
tion see Ref. [28]. 

3.2 Heterogeneous Structures 

Tbe effect of mechanical heterogeneity - of which yield 
strength mismatched welded joints are almost im
portant example - has recently prompted a vast amount 
ofresearch work [19-22]. Form the application point cf 

view the most important outcome of these research 
activities is the rapid exploitation for practica! use: test 
procedures for welded joints are being modified and the 
driving force estimation procedures are being revised to 
account for mismatch effects [16]. 
At f"ISt sight the effect of mismatch on the driving fon::e 
is very complicated. The analyses, however, have 
shown that most of the mismatch effect can be captured 
by detennining the appropriate, driving fon::e which in 
turn is governed by 'P = (W -a)/H. Strain hardening 
seems also to play a role, but very little quantitative 
work is available. 

In order to cover as many aspects as possible, a separa
te ETM docurnent, the ETM-MM [4] has been deve
lopped which offers a number of altematives. Essential
ly, in the contained yielding regime os and J are given 
by Eqs. (6) and (7), respectively. For fully plastic 
conditions only the os route has been worked out: 

O [ F ]~u 
o,:= FYM 

(lO) 

where F vm is the mismatch yield load for which a 
number of solutions are compiled in an appendix, ~ 
is os as evaluated using Eq. (6) at F = FvM, and NM is a 
mismatch hardening exponent. 

Much of the mismatch effect can be explained by means 
of Fig. 18 showing the mismatch yield load, FvM, 
normalized by FYB - which is the base plate yield load 
for the same crack length- as a function of (W -a)/H. It 
is seen that - with the exception of plane 
stress/undermatch - long ligaments tend to wipe out 
the effect ofthe presence ofthe weld metal strip on FYM 
and hence on the driving force. In contrast to this, an 
undermatched weld in plane stress behaves like an all
weld metal structure. 
A comparison of the ETM-MM estímate with experi
mental results is shown in Fig. 19. 

4. CONCLUSIONS 

One of the most important issues in elastic-plastic 
fracture mechanics is the effect of constraint on fracture 
properties. It has been shown that variations in con
straint are mainly a function of geometrical parameters 
and mechanical heterogeneity. These effects complicate 
the transferabilities of fracture properties determined on 
a laboratory specimen toa structural component. Adju
sted testing is a pragmatic way of generating structural
ly relevant data A very elegant and promising altema
tive is the combination of testing and microstructural 
analysis. 

U nder elastic-plastic conditions, the crack driving fOit:e 
can be easily estimated by engineering assessment 
methods; examples have been given for the ETM. A 
particular problem arises for heterogeneous structures. 
Most of the effect of heterogeneity on the driving fon::e 
is captured by detennining the appropriate yield load. 
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Fig. 1: Effect of various parameters on constraint and on crack growth resistance. 
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Fig. 3: Effect of specimen geometry on the J-R-curve of a pressure vessel steel [6]. 
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Fig. 4: CTOD R-curves for different specimen geometries of the aluminium alloy 2024 - FC [7]. 
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growth resistance [9]. 
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Fig. 10: Correlation between J and 85 for a CT anda CCT specimen of the age-hardened aluminium alloy 2024-
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Fig. 12: Fracture behaviour covered by windows for varius specimen configurations [3]. 
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Fig. 13: Mismatched welded joint with crack in the centre of the weld metal strip. 
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Fig. 14: Effect of weld metal mismatch on fracture behaviour. 
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Fig. 15: Fracture energy and plastic work as assumed in the cohesive zone model. 
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Fig. 19: Applied force versus 85 for an austenitic model weld, comparison of experiment with ETM-MM 
estímate. 




