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ABSTRACT 
 

This review paper is devoted to the local approach to fracture (LAF) for the prediction of the fracture toughness of 
structural steels. The bases of this relatively newly developed methodology are first presented. The LAF has been 
considerably developed over the past two decades, not only to provide a better understanding of the fracture behaviour 
of materials, in particular the failure micromechanisms, but also to deal with loading conditions which cannot easily be 
handled with the conventional LEFM and EPFM global approaches. Both ductile rupture and brittle cleavage fracture 
micromechanisms are considered. The ductile-to-brittle transition observed in ferritic steels is also briefly addressed. 
Two types of LAF methods are presented : (i) those assuming that the material behaviour is not affected by damage 
(e.g. cleavage fracture), (ii) those using a coupling effect between damage and constitutive equations (e.g. ductile 
fracture). 
The micromechanisms of brittle and ductile fracture investigated in elementary volume elements are briefly presented. 
The emphasis is laid on cleavage fracture in ferritic steels. The role of second phase particles (carbides or inclusions) 
and grain boundaries are more thoroughly discussed. The distinction between nucleation and growth controlled fracture 
is made. Recent developments in the theory of cleavage fracture incorporating both the effect of stress state and that of 
plastic strain are presented. These theoretical results are applied to the crack tip situation to predict the fracture 
toughness. It is shown that the ductile-to-brittle transition curve can reasonably be well predicted using this approach. 
Additional applications of the LAF approach methods are also shown, including : (i) the effect of loading rate and 
prestressing; (ii) the influence of residual stresses in welds; (iii) the mismatch effects in welds; (iv) the warm-
prestressing effect. An attempt is also made to delineate research areas where large improvements should be made for a 
better understanding of the failure behaviour of structural materials. 
 

 
1. INTRODUCCIÓN 
 
The assessment of the mechanical integrity of any 
flawed mechanical structure requires the development 
of approaches which can deal not only with simple 
situations, such as small-scale yielding (SSY) under 
pure mode I isothermal loading, but also with much 
more complex situations, including large-scale 
plasticity, mixed-mode cracking, and non isothermal 
loading. Two types of approaches have been developed 
for that purpose. The first one, referred to as the 
"global" approach, is essentially based on linear elastic 
fracture mechanics (LEFM) and elastic-plastic fracture 
mechanics (EPFM). In this methodology it is assumed 
that the fracture resistance can be measured in terms of 
a single parameter, such as KIC, JIC or CTOD. More 
recently global approaches incorporating a second 
parameter (T and Q stress) have been introduced (see 
e.g. O'Dowd and Shih [1, 2] ). This methodology is 
extremely useful and absolutely necessary, but it has 
also a number of limitations such as the absence of any 
prediction of size effects observed in brittle fracture or 
the application to non-isothermal loading conditions. 
This is the reason why another approach has been 
developed since the 80's. This is the so-called "local 
approach" to fracture (LAF) in which the modelling of 
fracture toughness is based on local fracture criteria 
usually established from tests on volume elements, in 
particular notched specimens (see, e.g. Pineau [3], 
Beremin [4], Pineau and Joly [5]). These criteria are 

applied to the crack tip, as schematically shown in Fig. 
1. This methodology requires that two conditions are 
fulfilled : (i) micromechanistically based models must 
be established; (ii) a perfect knowledge of the crack tip 
stress-strain field must be known. 

  
 
Fig. 1: Sketch showing the methodology followed in the 

local approach to fracture. 
 
A considerable research effort has been devoted to the 
development of the local approaches over the past 25 
years. A book devoted to the local approach to fracture 
has been published recently [6]. The first approaches 
assumed that the material obeyed a conventional 
behaviour supplemented by models of local fracture 
processes. This is the situation for brittle fracture 
(Beremin, [4] ). Further approaches similar to those 
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 used in continuum damage mechanics (CDM), 
involving constitutive equations with a softening effect 
due to "damage" have been introduced later. This is the 
actual situation for ductile fracture.  
 
The LAF introduces new parameters which have to be 
determined experimentally. This raises the problem of 
the strategy which has to be used to determine these 
parameters (see Pineau [7] ). For instance, the seminal 
work by Beremin [4] introduces the Weibull stress,  , as 
a probabilistic fracture parameter. The Beremin model 
predicts the evolution of the Weibull stress with 
macroscopic applied stress to define the conditions 
leading to local material failure. The transferability 
models of elastic-plastic fracture toughness values rely 
on the notion of a Weibull stress as a crack driving 
force (see e.g. Ruggieri and Dodds, [8], Ruggieri et al., 
[9], Petti and Dodds, [10] ). In this approach to brittle 
fracture the simple axiom is that unstable cleavage 
crack propagation occurs at a critical value of the 
Weibull stress (for a given probability to failure). 
 
In this review paper the emphasis is laid on brittle 
cleavage fracture which is the most deleterious failure 
mode observed in ferritic steels at low temperature. 
However ductile fracture involving cavity formation is 
also briefly considered. After reviewing some recent 
developments in the knowledge of the fracture 
micromechanisms, the paper deals with modelling 
fracture toughness. A number of applications of the 
local approach to fracture are also shown. 
 
 
2. MICROMECHANISMS OF FRACTURE  
 
Cleavage fracture and ductile rupture are considered 
successively. 
 
2.1  Cleavage fracture 
 
2.1.1  Introduction 
 
In many ferritic steels, it has been found that the 
cleavage stress, cσ  is independent of temperature. This 
strongly suggests that in these materials the mechanism 
of cleavage fracture is growth controlled (see e.g. Curry 
and Knott, [11]; Pineau, [3, 12] ) : cleavage microcracks 
are progressively nucleated under the influence of 
plastic strain. These microcracks are arrested at 
microstructural barriers and fracture occurs when the 
longest crack reaches the Griffith stress given by: 
 

a
E2 S

c α
γ

=σ  (1) 

 
where E is theYoung's modulus, Sγ  the "effective" 
surface energy, α  a numerical constant depending of 
the crack shape, and a the size of the longest 
microcrack. In this equation all terms are almost 

independent of temperature, except the term Sγ  which 
is much higher than the true surface energy because of 
the plasticity accompanying crack propagation. 
 
However this theory is too simple since it does not 
recognize the different steps encountered during 
microcrack initiation and microcrack propagation 
(Martin-Meizoso et al., [13] ). Moreover it does not 
include the statistical aspects which are well known to 
play a key role. This is the reason why the situation 
must be analysed in more detail. 
 
Cleavage fracture of ferritic steels most frequently 
occurs by the dynamic propagation of microcracks 
initiated by slip-induced cracking of brittle second 
phase particles (i.e. carbides in steels) or inclusions. 
Fracture results from the successive occurrence of three 
elementary events (Fig. 2): 
 

- slip-induced cracking of a brittle particle 
- propagation of the microcrack on a cleavage 

plane of the neighbouring matrix grain across 
the interface particle/matrix under the local 
stress state 

- propagation of the grain-sized crack to 
neighbouring grains across the grain boundary. 

 
The first event corresponding to brittle fracture of 
particles is governed by a critical stress, dσ  when the 
particle size is larger than ~ 0.1 µm to 1 µm (see e.g. 
Pineau, [12] ). Below this size a dislocation based 
theory must be used. It has been shown that the stress 

dσ  is related to the maximum principal stress, 1σ , the 

equivalent von Mises stress, eqσ  and the yield stress, 

YSσ , by : 
                                                            

( ) dYSeq1 k σ=σ−σ+σ  (2) 
 
where k  is a function of particle shape (Beremin, [14], 
François and Pineau, [15] ).This simple expression 
which is similar to that used by Margolin in his model 
for brittle fracture initiated from particles (Margolin et 
al., [16] ) shows that for a given stress state the strain 
necessary to nucleate microcracks strongly increases 
with temperature. It shows also that crack nucleation is 
favoured by stress conditions, such as those of a crack 
tip, leading to high stress triaxiality ratio. The value of 

dσ  is a priori statistically distributed. The values of the 

local fracture toughness, f/c
Ik and f/f

Ik  are also 
statistically distributed. Recent studies have shown that, 
for instance, in bainitic steels the effective packets 
which lead to local crack arrest at grain boundaries are 
those for which the misorientation between the packets 
is large (Bouyne et al., [17]; Gourgues et al., [18]; 
Lambert- Perlade et al., [19] ). 
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Fig. 2: Initiation of a cleavage microcrack from a 

particle (M-A constituent). The crack is arrested at the 
interface c/f, then propagates through the matrix and is 

arrested at the grain boundaries. 
 
The role of particle and grain size distributions have 
therefore to be also taken into account, as schematically 
shown in Fig. 3. In this figure (Martin-Meizoso et al., 
[13] ) the critical values of the particle and grain size 

∗∗ D,C  corresponding to the different steps in brittle 
fracture are simply related to the local value of the 
maximum principal stress by : 
                                            

2

1
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σ
δ

=  (3) 

where δ  is a numerical factor close to 1. 
 
Recent experiments on bainitic microstructures 
simulating the heat-affected zone of welds indicated 
that cleavage fracture was initiated from tiny ( ~ 1 µm) 
brittle particles formed by M-A (martensite-austenite) 
constituents (Lambert-Perlade et al., [19] ). It was 
shown that at low temperature the critical step 
corresponds to the nucleation of microcracks from these 
M-A particles. When the temperature was increased the 
critical step is the propagation of packet size 
microcracks through grain boundaries, as schematically 
shown in Fig. 4 and as illustrated in Fig. 5 on a bainitic 
steel. Acoustic emission technique has been useful to 
reach this conclusion. This situation observed in one 
specific steel is likely to be more general. These 
observations strongly suggest that the micromechanisms 
operating during fracture toughness measurements at 
increasing temperature are not necessarily the same. In 
such conditions it would seem preferable to involve a 
multiple-barrier (MB) model to account for the 
temperature dependence of fracture toughness, as 
shown below. 
 
2.1.2  Models of cleavage fracture 
 
In this part the statistical aspects of cleavage fracture 
are modelled. Then some comments are made on the 

existence of a threshold stress for cleavage fracture and 
the effect of plastic strain. It is also shown how multiple 
barrier models can be derived. 
 
Statistics 
 
Rather surprisingly although the scatter in cleavage 
stress measurements is well known, it was only in the 
1980's that models have been proposed to account for 
this scatter (for a review, see e.g. Wallin, [20, 21] ). 
Nowadays the most largely used models are those 
derived from the work by Beremin, [4] ). Assuming that 
the material contains a population of microdefects 
(particles or grain sized microcracks) distributed 
according to a simple (power or exponential) law, ( )ap , 
the weakest link theory tells us that the probability to 
failure ( )σP of a representative volume element, uV , is 
given by : 
                                                              

( ) ( )( ) da
a

apP
c
∫
∞
σ

=σ  (4) 

 
where ca  is simply given by eqn (1), i.e. : 
 

2
S

c
E2

a
σα

γ
=  (5) 

 
Knowing the distribution ( )ap  it is therefore possible to 
calculate ( )σP . 
 

 
Fig. 3: Multiple barrier model. Three events are 
schematically shown (Martin-Meizoso et al. [13]. 
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Fig. 4: Schematic representation of the role of 
microstructural barriers on cleavage micromechanisms. 
The crack is assumed to nucleate from a particle (a) 
undamaged material; (b) microcrack initiation in the 
particle, (c) microcrack propagation across the particle 
/matrix interface, and (d) microcrack propagation 
across a bainite packet boundary leading to final 
fracture. 
 
In a volume V  which is uniformly loaded and which 
contains uV/V  statistically independent elements the 
probability to failure can be expressed as : 
                                                             

( )⎥
⎦

⎤
⎢
⎣

⎡
σ−−= P

V
Vexp1P

u
R  (6) 

 
As a general rule the function ( )ap  is not known. 
However when the critical step for cleavage fracture is 
the propagation of microcracks initiated from particles, 
the distribution ( )ap  may be determined 
experimentally. Two types of laws are usually 
proposed: 
 
(a) a power law  
( ) β−γ= aap  (7) 

 
(b) an exponential law including eventually a cut-off 

parameter (see e.g. Carassou et al., [22] and Lee et 
al., [23] ) such as the cumulated probability is given 
by : 
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The simple power law leads to the well-known Weibull 
expression : 
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Fig. 5: Bainitic steel. Arrested cleavage microcracks 
obtained with interrupted tests on a notched specimen. 
(a) Fracture surface after subsequent fatigue crack 
propagation. Indexations of crack arresting boundaries 
are given. (b) EBSD map. Thin lines and thick lines 
denote low-angle and high-angle boundaries, 
respectively. (c) SEM observations and disorientation 
analysis showing microcrack arrest at high-angle 
boundaries (same area as b). (Lambert-Perlade et al. 
[19] ). 
 
 
with the Weibull shape factor m = 2β - 2  and  
 

( ) ( ) 2/1
S

m/1
u /E22/m αγγ=σ  (10) 

 
It should be noted that within a first approximation, m 
and uσ  are temperature independent. Similarly the 
exponential law eqn (8) leads to (Tanguy et al., [24] ) : 
                                                  

⎪
⎪

⎭

⎪
⎪

⎬

⎫

⎪
⎪

⎩

⎪
⎪

⎨

⎧

⎥
⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢
⎢

⎣

⎡

⎟⎟
⎟
⎟
⎟

⎠

⎞

⎜⎜
⎜
⎜
⎜

⎝

⎛

σ

σ
−

σ
−−−=

n

2
o

2
u

2

o
R 1

11

V
Vexp1P  (11) 

Where  
( ) 2/1

oSo a/E2 αγ=σ  and ( ) 2/1
uSu a/E2 αγ=σ  (12) 
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 Eqn (9) is a simplified expression since no threshold is 
introduced. In three dimensions (3D) and in the 
presence of smooth stress gradients, this equation can 
be written as : 
                                                           

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

σ

σ
−−=
∫

u
m
u

PZ

m
1

R
V

dV
exp1P  (13) 

where the volume integral is extended over the plastic 
zone (PZ).This equation can be rewritten as:  
                                              

m
R

um
PZ u

m
1

w P1
1Ln

V
dV

⎥
⎦

⎤
⎢
⎣

⎡
−

σ=
σ

=σ ∫  (14) 

where wσ  is referred to as the "Weibull stress". 
 
Threshold 
 
Some investigators have introduced a threshold stress, 

thσ , directly into eqn (14) (Bakker and Koers, [25], Xia 
and Cheng, [26] ). One proposal for the integrand of 
eqn (13) has the form ( ) ( )[ ]mthuth1 / σ−σσ−σ . 
However rational calibration procedures for thσ  remain 
an open issue. To avoid these difficulties, Gao et al., 
[27] proposed a modified form of eqn (14) given by : 
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σ−σ
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m

minwu

minww
R exp1P  (15) 

where minwσ  represents the minimum value of wσ  at 
which cleavage fracture becomes possible. (For a full 
discussion, see also Gao et al., [28] and Gao and Dodds, 
[29] ). 

In the original Beremin model (Beremin, [4] ), an 
implicit threshold Weibull stress was also included. In 
the literature this is something which is somewhat 
overlooked. In this model, it is assumed that cleavage 
fracture cannot occur in the absence of plastic 
deformation, i.e. below the yield strength, YSσ . This 
means that the PZ size must be larger than a critical 
size, Xc, or otherwise stated that there exists a threshold, 

minIK , below which cleavage fracture cannot occur. 
This threshold is given by: 
 

cYSminI X3K πσ≈  (16) 
 
Multiple – barrier models 
 
As stated previously the Beremin model is essentially 
based on the description of the propagation of an 
existing critical defect belonging to a single population. 
This is a simplification which might explain why in the 
application of this model over a wide range of 
temperatures, a number of investigators have reported 
that it was necessary to assume the normalizing stress, 

uσ , to be an increasing function of temperature (see 
e.g., Tanguy et al., [30, 31] ). This might simply reflect 
the existence of critical different steps depending on 
temperature, as indicated earlier. 
 
Multiple-barrier (MB) models would therefore appear 
more satisfactory to account for the variation of 
cleavage fracture toughness over a wide temperature 
range. In particular MB models reflecting the situation 
schematically shown in Fig. 4 have been proposed 
(Martin-Meizoso et al., [13], Lambert-Perlade et al., 
[19] ). These models are also based on the weakest link 
theory. The nature of these barriers depends on 
temperature. The application of these models requires 
the knowledge of a certain number of metallurgical 
factors including the nucleating particle size distribution 
and the grain (packet) size distribution. These factors 
were measured in one specific steel in which the brittle 
particles were formed by M-A constituents (Lambert-
Perlade et al., [19] ). The application of these models 
also necessitates the knowledge of the local fracture 
toughness, f/c

IK  and f/f
IK , and that of the cleavage 

fracture stress of particles, dσ . There are very few 
results in the literature. However a number of results are 
reported in Table 1. In the study devoted to a bainitic 
steel containing M-A particles it was assumed that the 
local values of fracture toughness, f/c

IK  and f/f
IK  

were not temperature dependent, which is a crude 
approximation. In spite of this approximation a good 
agreement was found between the experimental values 
of the fracture toughness and those inferred from this 
MB barrier model, as shown later. 
 
Strain correction 
 
The usual Weibull expression in eqns (13) and (14) of 
the product of a stress function and a volume (PZ) is 
based on the assumption of a microcrack population 
nucleated at the onset of plastic deformation, which 
then remains active over the entire loading history. 
Detailed examinations on a number of materials, in 
particular those to which the MB model has been 
applied have shown that the situation is far more 
complex. A number of studies (see e.g. Kaechele and 
Tetelman, [34] ) have shown  that the number of 
nucleated microcracks was an increasing function of 
plastic strain and increased when the temperature was 
lowered. From this observation one should be tempted 
to include in the expression of the Weibull stress a 
function increasing with plastic strain and decreasing 
with temperature. The increasing strain dependence of 
the Weibull stress was the basis of the modification in 
the Beremin model introduced by Kroon and Faleskog, 
[35] and recently applied by Faleskog et al., [36]. Still 
more recently this effect was also introduced in the new 
model proposed by Bordet et al., [37, 38]. Moreover 
these authors have also attempted to account for the 
temperature dependence on the nucleation of 
microcracks from particles. Here it is worth mentioning 
that eqn (2) also contains both effects implicitly. 
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A number of other observations have also clearly shown 
that microcracks arrested at grain boundaries are 
blunted with further straining, making them very 
unlikely to propagate again. In other words, these 
observations strongly suggest that only freshly 
nucleated carbide microcracks are expected to act as 
effective nucleation sites. This time, plastic strain 
appears to be beneficial or otherwise stated leads to an 
increase of the normalizing stress factor, uσ  introduced 
in eqns (13) and (14). This was the basis of the "strain 
correction" originally introduced in the Beremin model 
where the probability to failure was expressed as : 
                                         

( )

⎥
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⎤
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σ

⋅αε−σ
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where 1ε  is the plastic strain in the direction of the 
highest principal stress in a given element of volume, 
dV , and α  is a constant assumed to be close to 2. 
Recently a new modification to the Beremin model was 
introduced (Bernauer et al., [39] ). These authors 
assumed that the nucleation rate of cavities from 
particles could be described by the Chu and Needleman 
law (see Needleman and Tvergaard, [40] ). Once a 
cavity is nucleated from a particle, it is assumed that 
this particle can no longer act as a nucleation site for a 
cleavage microcrack. Stockl et al., [41] have applied 
their model to interpret results on warm-prestress effect.  
 
Two opposite effects of plastic strain have therefore 
been invoked : (i) a deleterious effect through the 
continuous nucleation of microcracks, and (ii) a 
beneficial effect associated with the blunting of already 
initiated microcracks which are no longer active. Very 
recently, Bordet et al., [37, 38] have attempted to 
incorporate those two opposite effects writing that the 

probability to cleavage, clP , could generally be 
expressed as : 

propnuccl PxPP =  (18) 
 
where nucP  is the probability of nucleating a 
microcrack while propP  is the probability of propagating 
this nucleated microcrack. These authors have proposed 
the following modified expression for the Weibull 
stress, ∗σw  : 
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  (19) 
 
where YSσ  is the yield strength at a given temperature 
and for a given strain rate, and o,YSσ  is a reference 
yield strength. Similarly o,pε  is a reference plastic 

strain. If the ratio o,YSo,po,YS /x σεσ  is large, that is 
when the diminution of potential nucleation sites can be 
neglected, ∗σw  can be simplified as : 
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th

m
1

o,YS

YS
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This expression is very similar to that of Beremin, as 
expected. 
 
All these modifications to the original Beremin model 
have been introduced recently and they have not yet 
been largely tested. They lead to more sophisticated 
expressions requiring the identification of 
supplementary parameters. 

Table 1 : Parameters of Multiple Barrier Models. 

                                  Literature Data Parameter Present Study 
Value Value Microstructural Unit Reference 

( )MPadσ  2112 - - - 

( )2/1f/c
I mMPaK  7.8 2.5 to 5.0 

2.5 
1.8 

Carbides 
Globular carbides 
TiN particles 

Martin-Meizoso et al. [13]
Hahn [32] 
Rodrigues-Ibabe [33] 

( )2/1f/f
I mMPaK  CGHAZ-25 

28 
 
ICCGHAZ-25 
18 

5.0 to 7.0 
7.0 
7.5 
4.8 
15.2 

Bainite packets 
Bainite packets 
Ferrite grains 
Bainite packets 
Bainite packets 

Martin-Meizoso et al. [13]
Martin-Meizoso et al. [13]
Hahn [32] 
Rodrigues-Ibabe [33] 
Rodrigues-Ibabe [33] 
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 3. DUCTILE RUPTURE AND DUCTILE-TO-
BRITTLE TRANSITION 

 
3.1  Introduction 
 
Ductile fracture of metallic materials involves cavity 
nucleation and void growth to coalescence. Many 
studies have been devoted to the micromechanisms 
accompanying void nucleation from second-phase 
particles (see e.g. Garrison and Moody [42] ). However 
large improvements have to be made to include all the 
details related to these particles in particular the effect 
of inhomogeneous spatial distribution. Recently a 
number of attempts have been made in this field. 
Similarly recent advances have been made for a better 
modelling of void growth and coalescence. 
 
For a long time ductile rupture has been approached 
using uncoupled models (see e.g. Mc Clintock [43], 
Beremin [14] ). In these models it was assumed that 
fracture occurred when the calculated volume fraction 
of cavities reached a critical value, fc. More recently 
coupled models in which the effect of growing cavities 
on the constitutive equations of porous materials have 
been introduced (Rousselier [44], Gurson [45] ).The so-
called Gurson Tvergaard Needleman [46, 47] (GTN) 
model involves two parameters, fc and an acceleration 
factor, δ  introduced to "simulate" void coalescence. It 
has been shown that the fc and δ  parameters have no 
unique values to fit the experimental results (Zhang and 
Niemi [48, 49], Benzerga [50] ). This motivated further 
improvements which are briefly summarized. 
 
3.2  Heterogeneous void nucleation 
 
The effect of the inhomogeneity in spatial void 
distribution has been thoroughly investigated in two 
materials : (i) a cast duplex (ferrite + austenite) stainless 
steel (Devillers-Guerville et al., [51]) in which cavities 
in the austenite phase are nucleated from cleavage 
microcracks initiated in the thermally embrittled ferrite, 
and (ii) a plain carbon steel (A48) in which cavities are 
initiated from MnS inclusions (Decamp et al., [52] ).  
 
An example illustrating the situation observed in A48 
steel using the Voronoï tessalation technique is shown 
in Fig. 6. In both materials it was shown that the strain 
to failure was largely scattered and decreased when the 
specimen size was increased. It has been possible to 
partly account for this scatter and this size effect 
without using the δ  accelerating factor provided that 
the inhomogeneity in the spatial distribution of cavity 
nucleation sites was taken into account.  
 
This suggests that the use of this parameter to simulate 
coalescence is not essential when the spatial distribution 
of initiation sites for ductile rupture is properly taken 
into account. Here again, this requires detailed 
metallographical observations. 
 
 

 
 
Fig. 6: C-Mn steel. Voronoï cells showing the 
distribution of MnS particles. L and T indicate the 
longitudinal and transverse directions in rolled plates 
(Bauvineau [53] ). 
 
 
3.3  Cavity growth 
 
Much progress has been made since the pioneering 
studies by Berg [54], Mc Clintock [55], Rice and 
Tracey [56] and Gurson [45]. In particular recent 
models have been proposed to account for plastic 
anisotropy and cavity shape anisotropy. 
 
Following the method used by Gurson [45] a yield 
surface for a plastically anisotropic material described 
by Hill quadratic criterion has been derived (Benzerga 
[57], Benzerga and Besson [58] ), assuming that the 
cavities remain spherical : 
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where Hσ  is the Hill equivalent stress defined with 6 
coefficients ijh . In this equation the parameter h has 

been expressed as a function of the ijh  coefficients. For 
an isotropic material h=2 and eqn (21) corresponds to 
the Gurson potential. 
 
An extension of the Gurson model has also been 
proposed by Gologanu, Leblond and Devaux (GLD) 
[59, 60] to account for cavity shape. The GLD model 
applies to axisymmetric ellipsoïdal cavities 
characterized by their aspect ratio, S. The model which 
is expressed in terms of a Gurson-like plastic potential 
is therefore limited to transversally isotropic porous 
plastic materials. This model has been extensively used 
by a number of authors (see e.g. Pardoen and 
Hutchinson [61] ). 
 
3.4  Cavity coalescence 
 
Significant progress has also been made in modelling 
the onset of void coalescence by internal necking in 
ductile materials (Pardoen and Hutchinson [61], 
Benzerga [50], Benzerga et al. [62-64] ). This last stage 
of ductile rupture is modelled using an extension of the 
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 Thomason model (Thomason [65] )in which it is 
assumed that fracture occurs when the plastic limit load 
criterion originally proposed by this author is reached. 
In addition to the GLD potential these models give a set 
of constitutive equations including a closed form of the 
yield surface after void coalescence with appropriate 
laws for void shape and the size of the ligament 
between cavities. Details about these models can be 
found elsewhere –Pardoen and Besson [66] ). In Fig. 7 
the transition from elastic behaviour (a) to plastic void 
growth (b & c) to void coalescence in terms of the 
variation of the yield surfaces and current loading 
conditions are shown. In this figure eqσ  and mσ  
represent the equivalent von Mises stress and the 
hydrostatic stress, respectively. In these models the load 
bearing capacity of the elementary volume decreases as 
a natural outcome of the void spacing reduction without 
introducing an a priori value to the δ  coefficient in the 
GTN potential. These models are very powerful since, 
theoretically, they are able to predict the strain to failure 
as a function of stress triaxiality when the initial 
microstructural parameters of the material (volume 
fraction of cavities, shape of the cavity initiation sites, 
void spacing) are known. The comparison between 
experimental results and theoretical results inferred 
from these sophisticated models are still limited (see 
Benzerga et al. [62-64] ), since these models require 
more information about the detailed microstructure of 
the materials. 
 
3.5  Ductile-to-brittle transition 
 
Charpy V-notch impact tests are still widely used to 
study the fracture properties of steels and, in particular 
to define a ductile-to-brittle transition temperature 
(DBTT). Instrumented Charpy tests are increasingly 
used which allow to measure the whole force-
displacement curve from which much information can 
be gained. 
 
The first numerical simulation of the Charpy test was 
proposed by Norris [67] using plane strain conditions. 
Effects of material rate sensitivity [68], of temperature 
dependence [69], of the 3D geometry [70,71] and of 
specimen size [72] were studied in a series of 
theoretical papers lacking of comparisons with 
experiments. Such comparisons were carried out by 
other authors for pressure vessel steels [73-76]. 
 
More recently a finite element simulation of the Charpy 
test has been developed in order to model the DBTT 
curve of A508 steel [30, 31]. The simulation included a 
detailed description of the material viscoplastic 
behaviour over a wide temperature range. Ductile 
fracture was modelled using modified Rousselier 
model, while the Beremin model was used to simulate 
cleavage fracture. The Charpy test was modelled using 
a full 3D mesh and accounting for adiabatic heating and 
contact between the specimen, the striker and the anvil. 
Fig. 8 shows that it has been possible to correctly model 
the DBTT curve assuming that the Beremin stress 

parameter uσ  (see eqn (9)) was temperature dependent. 
As indicated previously, this temperature dependence 
might be related to a change in the nature of the 
microstructural barriers controlling cleavage with 
temperature. 

 
 
Fig. 7 : Ductile Fracture. Transition from (a) elastic 
behaviour, to (b) and (c) plasticity/void growth, to (d) 
and (e) plasticity/void coalescence. Yield surfaces and 
loading point as a function of increasing deformation. 
Calculations performed for a constant stress triaxiality 
equal to 3 (Pardoen and Besson [66] ). 
 

 
 
Fig. 8 : A 508 Steel. Charpy V notch energy as a 
function of temperature. Experimental results and 
numerical simulations using modified Rousselier model 
for ductile fracture and Beremin model for cleavage 
fracture. Three calculated curves corresponding to PR 
= 0.10, 0.50 and 0.90 are shown. Results obtained with 
(a) uσ  = cte, (b) uσ  increasing with temperature 
(Tanguy et al., [31] ). 
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 4. FRACTURE TOUGHNESS 
 
4.1  Introduction. Main characteristics of brittle 
fracture toughness 
 
The first characteristics of brittle fracture in ferritic 
steels is the scatter in test results, as illustrated in Fig. 9. 
The absolute value of this scatter increases with test 
temperature but not necessarily the relative value, 
although at low temperature the scatter tends to be 
lower. 
 
Another important aspect of brittle cleavage fracture is 
the size effect. For instance, Iwadate et al. [78] have 
determined the fracture toughness, ICK , of a pressure 
vessel steel using CT specimens with various 
thicknesses and in-plane dimensions. These authors 
showed that the mean value of fracture toughness was a 
decreasing function of specimen size.  These results 
may reflect the effect of changing constraint conditions 
but, as shown later, the theory for brittle fracture 
predicts that the fracture toughness, ICK , varies with 
specimen thickness, B, with a universal slope, such as 

BK 4
IC  is constant for a given temperature. 

 
A third factor important in brittle fracture of ferritic 
steels is the so-called "short crack" effect or, more 
generally, the geometrical dependence of ICK  or JCK . 
This dependence has been thoroughly investigated and 
modelled (see e.g. Dodds et al., [79], Petti and Dodds, 
[10] ). 
 
A fourth factor associated with cleavage fracture is the 
effect of metallurgical factors, such as the grain size, the 
nature of packet boundaries in bainitic steels, the 
amount and the size of second-phase particles. In 
particular, as shown later, the fracture toughness of 
mutipass steel welds is largely dependent on the amount 
of local brittle zones (LBZs) which are found in the 
coarse grain heat affected zones (CGHAZs) and in the 
intercritically reheated CGHAZ (ICCGHAZs) (see e.g. 
19, 80, 81).  
 

 
Fig. 9 : A 508 Steel. Scatter in fracture toughness tests 
(Naudin et al.,[77] ). 
 

4.2  Beremin model for cleavage fracture toughness and 
its extensions 
 
4.2.1  Small-scale yielding (SSY) conditions 
 
The stress-strain field ahead of the crack tip under SSY 
conditions is simply scaled by the ratio ( )YS/J/x σ  
where x is the distance from the crack front. Under 
these conditions the application of the Beremin model, 
(eqn (13) )is straightforward (Pineau, [3, 7, 12], 
Beremin, [4] ). The probability to fracture of a specimen 
containing a 2D crack expressed in terms of ICK  can 
simply be written as : 
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where mC  is a numerical factor which is function of the 
work-hardening exponent, n, of the material 
( )n'K ε=σ . It is well to remember that the term BK 4

IC  
simply arises from the volume of material which is 
plastically deformed, i.e. the product of the plastic zone 
size ( )2oIC /K σ  and the specimen thickness, B. The 
same size dependence is expected whatever the 
statistical law is used provided that the weakest link 
theory does apply. 
 
Eqn (22) can be extended to a 3D crack of length ℓ for 
which the stress intensity factor, K, is a function of the 
curvilinear abscissa, s, along the crack front. It can 
easily be shown that, for a given probability to fracture, 
the following expression is satisfied : 
                                                             

( ) 4
IC

4
I KsdsK =∫  (23) 

 
Eqns (14) and (22) contain only two independent 
parameters, as shown previously. However in this 
simple theory there is a hidden supplementary 
condition, which is the initiation of plastic deformation 
as a prerequisite to initiate cleavage. This condition 
given in eqn (16) does not appear explicitly in eqn (22). 
However this does not mean as often claimed in the 
literature that eqn (22) implies that fracture can occur 
even for infinitely small values of K.  
 
The Beremin model has now been applied to a large 
amount of steels. Recent results on a bainitic steel heat-
treated in order to simulate different welding conditions 
are shown in Fig. 10 (Lambert-Perlade et al., [19] ). In 
this figure we have included the results obtained in the 
as-received conditions (ferrite + perlite) and those 
corresponding to three welding conditions which 
produced various amounts of LBZs formed by M-A 
constituents in a bainitic matrix. Fig. 10 shows that the 
Beremin model is able to describe the evolution of JCK  
with temperature and the scatter in test results. The 
values of the parameters, manduσ  for Beremin 
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model are given in Table 2. In this figure we have also 
included the theoretical curves derived from the Master 
Curve approach which will be briefly described 
hereafter. 
 
A number of authors (see e.g. Bakker and Koehrs, [25], 
Xia and Shih, [82], Petti and Dodds, [10] and others) 
have introduced a threshold stress, thσ  into the 
calculation of the Weibull stress (eqn (14) ). As stated 
previously the rational calibration procedures to 
determine thσ  remain an open issue. To introduce an 

explicit threshold toughness into Weibull stress model, 
Gao et al., [28] have proposed a modified form for eqn 
(14), by introducing another parameter, minwσ , as 
stated previously. 
 
4.2.2  Large-scale yielding (LSY) conditions 
 
Eqn (22) cannot be directly applied when SSY 
conditions are no longer prevailing. The influence of the 
loss of constraint effect on the Weibull stress for LSY 
conditions is schematically shown in Fig. 11.  

Fig. 10 : Bainitic Steel. Ductile-to-brittle toughness transition (a) Base metal, (b) CGHAZ-25, (c) ICCGHAZ-25, 
and (d) CGHAZ-120 microstructures. Solid lines (respectively, dotted lines) show fracture probabilities of 10 
and 90 pct given the Beremin model (respectively, by the "Master curve" approach (Lambert-Perlade [19] ). 

Beremin Model  
Microstructure ( ) mMPauσ  

Master Curve Approach 
Fitted value of oT  (°C) 

Experimental values 
of ∗

100T ( )C°  
Base metal 
CGHAZ –     25 
ICCGHAZ – 25 
CGHAZ -    120 

2158                      27 
2670                      20 
2351                      20 
2085                      20 

- 130 
- 45 
- 12 
- 6 

- 140 
- 55 
- 20 
- 10 

 
Table 2 : High strength low alloy steel. Parameters of the Beremin model (Unit volume uV  = (100 µm)3 ) 
and of the "Master Curve" approach for 4 investigated microstructures; oT  is the temperature for which 

mMPa100K JC = . 100T∗  is the value of oT  determined experimentally. 
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Fig. 11 : Sketch showing the variation of the probability 
to fracture with loading (J/ oσ ) at various temperatures. 
The transition from SSY to LSY conditions is indicated 
by a dotted line. The difference between long cracks 
(LC) and short cracks (SC) related to constraint effect is 
shown. 
 
 
In this figure the increase in the fracture toughness of 
specimens tested at increasing temperatures is 
schematically shown. A quantitative analysis of these 
effects associated with the loss of constraint requires the 
use of finite element method (FEM) calculations. A 
recent study has thus presented a practical approach to 
compare directly the two most commonly tested 
specimens, the single-edge notched bend, SE(B) and the 
compact tension, C(T) specimens (Petti and Dodds, [10] 
). Some of the results obtained by these authors and 
established for specific values of m (8 and 20) and the 
ratio 1/n (10) are shown in Fig. 12.  
 

 
 
Fig. 12: Comparison of JCK  for C(T) specimens to 

JCK  values for square and rectangular SE(B) 
specimens. Results for material flow properties 

( )( )noo /E/ σσσ=ε  (Petti and Dodds [10]). 
 

Fig. 12 illustrates the toughness scaling with 
( ) ( )BSE

JC
TC

JC K/K  plotted vs the non dimensional loading 
parameter for the square (W = B) and the rectangular 
(W = 2B) SE (B) specimen with J/bM oσ= . These 

results show that the ratio of ( ) ( )BSE
JC

TC
JC K/K  remains 

fairly constant when M > 200. On the other hand this 
ratio decreases to the range 0.60 – 0.65 for the 1/n = 10 
material when M ~ 30. Similar types of analysis can 
therefore provide the basis of calibration procedures 
when testing materials with different specimen 
geometries. 

 
As indicated earlier a number of researchers have 
shown that the initiation of cleavage fracture in a 
deformed material was made more difficult by strain. 
This is why in the Beremin model a strain correction 
was introduced (see eqn (17) ). This "correction" or 
those proposed by others produces an increase in the 
curvature of the ICK  vs temperature curve. This is 
often necessary to account for the strong increase of 
fracture toughness in the ductile to brittle transition 
(DBT) regime. 
 
Master Curve (MC) concept 
 
The ASTM E1921 (83) testing standard employs a 
weakest link based model to characterize cleavage 
fracture in ferritic steels over the low-to-mid portion of 
the DBT curve. This standard relies on the studies made 
by Wallin (see e.g. [20, 21, 84] ). This author proposed 
to express the fracture toughness scatter as : 
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where oB  is an arbitrary (normalized) thickness, oK  is 
a parameter depending on temperature while minIK  is a 
limiting value below which fracture is impossible 
( minIK  ~ 20 MPa m1/2 ). The scale parameter oK  
corresponds to a 63% cumulative probability level for 
specimen failure by cleavage. In the MC concept the 
shape of the median JCK  toughness, JCK (medium) for 
1T specimens is assumed to be described by an 
universal law : 
 

(med) = 30 + 70 exp [ 0.019 (T To) ]JCK −  (25) 
 
where K is in MPa m1/2 and T in °C. In this expression, 
To corresponds to the temperature at which the mean 
(median) fracture toughness for a 25 mm thick 
specimen has the value of 100 MPa m1/2. Details about 
the determination of To can be found in ASTM E 1921 
standards. The MC concept which relies also on the 
weakest link-based scaling model requires theoretically 
that strict plane-strain SSY conditions exist along the 
entire crack front at fracture. The validity of this 
assumption has been discussed recently by Petti and 
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 Dodds, [10]. As most often written, eqn 25 gives the 
fracture probability for 1T size specimens. When the 
test specimen has other than 1T thickness, the as tested 
xT size toughness scales to 1T thick specimen as 
follows : 
                                       

( ) ( ) 4/1
T1xTminI

xT
JCminI

T1
JC B/BKKKK −+=   (26) 

 
The comparison between the theoretical expressions 
derived from Beremin model, eqn (22) and the MC 
concept [eqn (24)] shows that the fracture toughness 
dependences with specimen thickness are similar. 
Moreover when minIK  can be neglected in eqn (25), 
i.e. when the temperature is in the mid range of the 
DBT curve, the implicit threshold implied in the 
application of the Beremin model is also much lower 
than the fracture toughness. Eqns (22) and (25) can then 
be directly compared. Both models predict the same 
toughness temperature dependence provided that the 
ratio of ( ) ( ) 4/m1

oo T/TK −σ  is constant. This ratio was 
calculated in the steel containing M.A. constituents 
described earlier (Lambert-Perlade, [19] ). It was found 
that for IK  and oK  values much higher than minIK  
(i.e. T > - 150°C for the as-received metal and T > - 
100°C for the simulated HAZ microstructures) this ratio 
varies by less than 20%. This means that in this 
particular case both the Beremin model and the MC 
approach lead to similar results, as shown in Fig. 10. 
The values of parameter To used in eqn (25) are given in 
Table II with those of uσ  and m of the Beremin model. 
In Fig. 9 it is difficult to conclude that a model is better 
than another one. The MC approach leads to less-
satisfactory agreement with the base metal due to the 

minIK threshold of 20 MPa m1/2. On the other hand a 
close examination to the theoretical curves shows that 
the MC curves have a higher slope than those inferred 
from the Beremin model. This might be partly due to 
the fact that the 3PB fracture toughness specimens have 
been calculated using 2D FEM modelling and assuming 
strict plane strain conditions. 
 
4.4  Multiple Barrier (MB) model 
 
This model has been applied to the steel in which 
various HAZs were simulated. According to MB model 
(see § 2.1.2) cleavage fracture occurs by following three 
steps successively, as shown in Fig. 4. Using the 
weakest link-based theory the fracture probability, PR is 
then given by the combined conditional probabilities of 
the three steps involved during fracture. A number of 
authors have shown that the critical local stress 
necessary to cross the grain boundaries is lowest at low 
temperature but increases with temperatures and 
eventually becomes larger than the stress necessary to 
propagate a crack nucleated from a particle (see e.g., 
[85] ). The effect of temperature on fracture toughness 
can thus be described by considering four temperature 
ranges. 

(i) At very low temperatures the critical step is the 
nucleation of a microcrack from M-A particles.  

(ii) At somewhat higher temperatures microcracks 
initiate at particles and stop at the particle/matrix 
interface. The critical step is then the propagation 
of these particle sized microcracks. 

(iii) At higher temperatures microcracks are stopped at 
grain boundaries and the critical step is the 
propagation of these arrested grain sized 
microcracks. 

(iv) At still higher temperatures ductile fracture 
eventually nucleated from particles occurs before 
cleavage fracture. This temperature range was not 
modelled. 

 
The input parameters of the MB model are therefore: 
 
(i) The fracture probability ( )cp  of a M-A particle of 

size (C). It was simply assumed that this initiation 
process occurred for a single valued of the critical 
stress [see eqn (2) ]. It was assumed that 

MPa2112d =σ  (see Table I). 

(ii) The parameters ( )Cfc  and ( )Df g  giving the 
distribution functions of particles and bainitic 
packets. These functions were experimentally 
determined. It was shown that they could be 
approximated by log-normal functions. 

(iii) The critical size for cracked MA particles and 
cracked bainitic packets given by eqn (3). For the 
sake of simplicity, it was assumed that f/c

IK  and 
f/f

IK  were independent of temperature as 
indicated previously. Otherwise stated, in this MB 
model, the temperature dependence of fracture 
toughness arises mainly from the variation of yield 
strength with temperature, as in the Beremin 
model. 

 
The probability to failure can then simply be expressed 
using these input parameters, as shown elsewhere 
(Lambert-Perlade et al., [19] ). The numerical values of 
the input parameters have already been given in Table 
1. The results showing the application of the MB model 
to one specific condition (ICCGHAZ) are reported in 
Fig. 13. A good quantitative agreement is observed 
when the comparison between the theory (solid lines) 
and the experimental values is made. In particular the 
model is able to account for the dispersion which is not 
trivial since the calculated scatter derives directly from 
the experimental size distribution of second phase 
particles and bainitic packets. In Fig. 13 the lowest 
value of fracture toughness (open symbols) 
corresponding to the first detection of microcrack 
events detected by acoustic emission occurs for stress 
intensity factors close to 30-40 MPa m1/2. These values 
agree with the calculated probability for a cleavage 
microcrack to propagate across the particle/matrix 
boundary which is shown by dotted lines. The model 
predicts not only the evolution of fracture toughness 
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 with temperature but also the critical stress intensity 
factor for the development of temporarily stable grain-
size microcracks. Clearly this is a superiority of this 
physically based model. 
 
4.5  Applications 
 
The LAF methodology has received an increasing 
attention over the last past 25 years (For a review, see 
Pineau [7] ). Three main domains have been explored. 
They are briefly considered below. 
 
Metallurgical improvements of materials 
 
It is becoming clear that in the upper part of the DBT 
curve, the fracture toughness is related to the 
propagation of microcracks which are arrested at grain 
boundaries in ferritic steels or at packet boundaries in 
bainitic steels. 
 

 
Fig. 13: Bainitic steel. Prediction of the variation of 
fracture toughness with temperature obtained from 
multiple barrier model. Open circles denote microcrack 
events detected by acoustic emission; solid circles 
correspond to final fracture. Solid (respectively dotted) 
lines represent 10, 50 and 10 pct probabilities for the 
specimen to fracture (respectively, for a cleavage 
microcrack to propagate across a particle/matrix 
boundary) as given by the MB model. Numerical values 
used in this model are given in Table 1. (Lambert-
Perlade et al. [19] ). 
 
Recent studies have shown that in bainitic steels the 
effective packet boundaries are those with a high angle 
misorientation (see e.g. Bouyne et al, [17], Gourgues et 
al., [18], Lambert-Perlade et al., [19] ). The 
improvement of these materials requires the 
development of these favourable boundaries. This rises 
a new research field in which the metallurgical variables 
controlling the formation of these specific boundaries 
are investigated. Fundamental studies on the 
crystallography and the microstructure of bainitic 
transformations must therefore be encouraged, using 
either chemical and thermomechanical manipulations or 
other tools like phase transformations under intense 
magnetic fields which have not yet been explored in 
much detail (see e.g. [86] ). 
 

Mechanical  and  numerical  testing 
 
Research over the past 25 years has yielded a sufficient 
quantitative understanding of the DBT behaviour to 
develop engineering approaches that characterize the 
scatter and temperature dependence of macroscopic 
fracture toughness measured in terms of JC or 
equivalently KJC. These efforts have led to the 
development of the ASTM Standard Test Method E 
1921 [83]. This method has advanced significantly the 
procedures for quantitative evaluation of cleavage 
fracture toughness in through-crack, high-constraint 
laboratory test specimens, e.g. deep-notch SE(B)s and 
C(T)s. The transferability of this method to real 
applications requires additional models that account for 
large constraint differences and variations in local J 
values along a crack front. Micromechanical models for 
brittle cleavage fracture as those presented previously 
offer the most promising approach at present to 
understand toughness transferability issues and to 
develop quantitative frameworks. Calibration of the 
Weibull stress scale parameter, uσ , using the MC 
approach has been presented recently by Petti and 
Dodds [87]. These authors have used both experimental 
results and numerical calculations performed on cracked 
specimens to determine the uσ  parameter in eqn. 22 
assuming that the shape factor m was independent of 
temperature. 
 
Complex thermomechanical loading conditions 
 
One example of complex thermomechanical loading 
conditions is that of earth quakes. Major factors 
promoting brittle fracture during earth quakes are 
prestraining and dynamic loading. It is well known that 
an increase in loading rate leads to a shift of the DBT 
curve towards higher temperatures (see e.g. Henry et al. 
[88] ). The effect of loading rate and prestraining on the 
fracture toughness of a structural steel has been 
investigated by Minami and Arimochi [89]. These 
authors showed that the Beremin model was able to 
account for the significant decrease of the fracture 
toughness measured in terms of CTOD when 
prestraining and dynamic loading were applied. 
 
Similarly a number of researchers have used the local 
approach to cleavage fracture to predict the failure 
behaviour of heat affected zones (HAZ) in welds (see 
e.g. Cardinal et al., [90], Matos and Dodds [91], 
Lambert-Perlade et al., [19] ). 
 
Many studies have been devoted to the so-called 
mismatch effect on fracture toughness of welded joints 
(see e.g. Kim and Schwalbe [92, 93] ). This effect is 
related to the difference in strength between the base 
material and the weld metal. This effect has been 
investigated by many authors (see e.g. Ohata et al, 
[94]). These authors showed also that the Beremin 
model was able to account for their experimental 
results. 
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 The Beremin model has also been applied to warm 
prestressing (WPS) effect (Beremin [95], Roos et al., 
[96], Hadidi-moud et al., [97] ). A specimen or a 
component prestressed in the upper-shelf domain of the 
DBT curve exhibits an apparent increase in fracture 
toughness when subsequently tested at lower 
temperature. The application of this model to load-
unload-cool-fracture (LUCF) condition is extremely 
sensitive to the constitutive equations which are used to 
calculate the residual stresses after the load-unload part 
of the cycle (see e.g. Lefevre et al., [98] ). This might 
explain why the Beremin model was shown to 
underestimate the fracture toughness results obtained 
with LUCF loading cycle (Stöckl et al., [41] ). 
 
Component testing 
 
The LAF methodology has also been applied to assess 
the brittle fracture of large structural components. Two 
examples including : (i) testing of a large mock-up and 
(ii) thermal shock on large cylinders are given 
elsewhere (Pineau [7] ). 
 
 
5. CONCLUSIONS 
 
This review paper has attempted to show that the local 
approach to fracture has largely contributed to a better 
understanding of the fracture behaviour of metallic 
materials. Micromechanical models for brittle cleavage 
fracture, such as the Beremin model and its extensions, 
offer the most promising approach at present to tackle 
with toughness transferability issues. 
 
Many research areas remain to be explored, related to 
both fracture micromechanisms and fracture toughness 
modelling. For most practical applications, due to the 
complexity of the problem, it is necessary to simplify 
the analysis and in particular, to develop and test simple 
criteria. The development of standards should largely 
contribute to the application of the local approach to 
fracture. 
 
The local approach methodology could aslo be applied 
to other engineering materials, such as metal matrix 
composites and concrete or to other failure modes in 
steels, such as intergranular fracture due to the 
segregation of impurities along grain boundaries. 
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