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Abstract
Cleavage fracture is one of the most severe failure modes in low alloy fer-
ritic steel structures and the fracture toughness is strongly dependent on the
size of the specimen, crack depth and temperature. This thesis investigates
how the fracture toughness is affected under conditions that relates to size and
constraint effects through a fracture mechanical experiment test series. Fur-
thermore, modeling the experiment with a non-local weakest link model to in-
vestigate the importance of the stress measure and how the model parameters
can be determined for yielding the best result. The experiment is divided into
two sets of testing, a pre-test series to determine an appropriate testing tem-
perature for the main test series. The second set consists of four groups with
different sizes and crack depth with 12 specimens in each group. The testing
temperature was determined to be -155 ◦C. For the large sized test specimen
with a shallow crack, the master curve fails to accurately predict the proba-
bility of failure by overestimating the fracture toughness. This is not the case
for the small test specimens which indicates that the size effects exceeds the
low constraint effects for larger sized test specimens and development of the
master curve method is needed. When evaluating the stress state in front of
the crack tip in the non-local weakest link model, the results yields the least
residual error was obtained when using a large sized specimen with high con-
straint together with a small sized specimen with low constraint for prediction
of the probability of failure.
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Sammanfattning
Klyvbrott är en av de mest allvarliga brottmoderna i låglegerade ferritiska stål-
strukturer och brottsegheten är starkt beroende av storleken av provstaven,
sprickdjupet och temperaturen. Den här uppsatsen undersöker hur brottseg-
heten påverkas under förhållanden som relaterar till storlek och constraint ef-
fekter genom en brottmekanisk experimentiell provningsserie. Experimenten
modelleras även med en icke-lokal weakest link modell för att undersöka vik-
ten av spänningsmåttet och hur modellparametrarna kan anpassas för bästa
resultat. Experimentet är uppdelat i två uppsättningar av provning, en för-
testserie för att bestämma en lämplig provningstemperatur för huvudserien.
Den andra uppsättningen består av fyra grupper bestående av olika storle-
kar och sprickdjup med 12 provexemplar i varje grupp. Provningstempera-
turen bestämdes till -155 ◦C. För den stora provstaven med en grund spricka,
misslyckas masterkurvan att noggrant prediktera brottsannolikheten genom att
överskatta brottsegheten. Detta är inte fallet för de små provexemplaren vilket
indikerar att storlekseffekten överskrider den begränsande effekten för stör-
re provningsexemplar och utveckling av masterkurvmodellen behövs. Vid ut-
värderingen av spänningstillståndet framför sprickspetsen för den icke-lokala
weakest link modellen, erhåller resultaten lägre residualfel när man använder
stora, högt begränsade provexemplar tillsammans med små, lågt begränade
provexemplar för prediktion av brottsannolikhet.
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Chapter 1

Introduction

Catastrophic cleavage fracture is one of the most severe failure modes in steel
structures. For ferritic steels in application, the ductile to brittle transition
could be the most challenging problem for fracture assessment. The fracture
toughness in low alloy ferritic steels are strongly dependent of temperature,
size of the specimen and crack depth and furthermore the inherent scatter needs
to be considered. In order to successfully model cleavage fracture it is neces-
sary to take into account the initiation of micro cracks in the structure and how
many of these micro cracks that may develop into complete cleavage fracture.
When the size of the test specimen decreases, the stressed volume in front of
the crack will decrease and thereby the fracture toughness will increase. This
is due to that the volume in front of the crack tip is decreased which gives a
smaller number of potential initiation points than for a larger sized test speci-
men. This increases the scatter and the mean value of the fracture toughness.
If one adds the complex stress state that emerges in front of a shallow crack,
a complicated relation between fracture toughness, size of the test specimen
and the stress state occurs. Fracture toughness testing standards safeguard
against these geometry effects by prescribing the usage of highly constrained
deep crack bend specimen that is large enough to provide conservative frac-
ture toughness values. The high constraint specimen provides a stress field
in front of the crack tip that is self similar so that it can be characterized by
one scalar parameter KI or J . At loss of constraint, the self similarity of the
stress field is deteriorated and can be seen as a decrease in the triaxiality. In
the case of purely elastic deformation this is generally connected to the Tstress,
however in elastic-plastic deformation, the case is more complex. The low-
ered stress state generally leads to higher fracture toughness. When testing
standards is applied to a structure having a low constraint geometry, such as a
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2 CHAPTER 1. INTRODUCTION

shallow cracked specimen, the standard yields an over-conservative estimation
of the fracture toughness [1]. The effect of crack tip constraint on the stress
state in a SENB specimen can be observed in Figure 1.1. The low constraint
geometry yields a lower stress state for both the first principal stress and for
the triaxiality T = (σI + σII + σIII) /3σe ahead of a crack tip where σI, σII, σIII

are the maximum, middle and minimum principal stress and σe is the effective
stress.

Figure 1.1: Stress state ahead of a crack tip using normalized crack tip coordi-
nates with crack depth a/W = 0.1 and a/W = 0.5 looking at (a) the first principal
stress (b) triaxial stress.

The purpose of this thesis aims to study how the scatter of fracture tough-
ness is affected under conditions that relates to size and constraint effects
through a fracture mechanical experimental test series containing test spec-
imens with varying crack depth and size and also to gather experience in this
type of testing. Furthermore, modeling the experiment with a non-local weak-
est link model in order to investigate the importance of the stress measure and
how the model parameters can be determined for yielding the best result. The
experiment is carried out on a low alloy ferritic steel of the type A508 or A533
with unknown composition and with BCC (Body Centered Cubic) structure.
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Naturally cleavage fracture is attributed to the event of an unstable propa-
gation of a single microcrack that causes a macroscopic failure of the ferritic
steel structure [2]. The cleavage fracture initiation is typically caused by slip
induced cracking followed by subsequent unstable propagation that can be di-
vided into three steps. Step one involves cracking of an inclusion or a precip-
itate which is typically second phase brittle particle such as a grain boundary
carbide. The second step involves a micro crack that starts propagating through
the matrix of the grain. Micro cracks will propagate along preferential planes
within the lattice structure, these create a path for the crack to propagate since
the energy needed to break the atomic bonds is the least. For ferritic low alloy
structural steel the lattice consists of a BCC structure in which the cleavage
fracture occurs along the {100} planes. Due to that the orientation of the
cleavage planes is directly connected to the orientation of the grain itself, the
micro crack will change its propagation when the grain boundary is reached.
The third step is reached when the propagation encounters the first large angle
boundary of the grain, when the boundary is reached one out of two things
may occur, either a macro crack is created if the crack is able to propagate,
otherwise the micro crack will arrest.

The fracture mechanism changes drastically at high and low temperatures.
Cleavage fracture is strongly temperature dependent and occurs at low tem-
peratures. At higher temperatures, the material have more ductile properties
where the cleavage fracture mode is suppressed and fracture occurs by a duc-
tile fracture mechanism. The transition between cleavage- and ductile-fracture
occurs over an interval called ductile-to-brittle transition region.



Chapter 2

Background and theory

2.1 Weakest link model
The distribution of the microstructural inhomogenities able to initiate cleavage
fracture is generally unknown. It has been observed that cleavage fracture
initiation is controlled by local critical initiators where only one initiator is
required to cause failure. Hence, weakest link statistics can be applied for the
process. The probability of survival can be described as

Ps = (1− Pf) (2.1)

were Pf is the probability of failure. Assume that one can divide the observed
volume into smaller fraction volumes and with the reasoning that only one
initiation point is required to obtain failure, the right hand side of equation
(2.1) can be expressed as

(1− Pf) = (1− Pf1) (1− Pf2) ...
(
1− Pfn−1

)
(1− Pfn) . (2.2)

Take the logarithm on both sides yields the following

ln (1− Pf) = ln (1− Pf1) + ln (1− Pf2) + ...

...+ ln
(
1− Pfn−1

)
+ ln (1− Pfn) .

(2.3)

Assuming that Pfi << 1, the right hand side of equation (2.3) can be rewritten
and the following expression can be obtained

ln (1− Pf) = −Pf1 − Pf2 − ...− Pfn−1 − Pfn . (2.4)

4
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From this expression the probability of failure from weakest link can be ex-
pressed as

Pf = 1− exp

(
−

n∑
i=1

Pfi

)
(2.5)

or in an alternative form

Pf = 1− exp
(
−
∫

dPf

)
. (2.6)

Since cleavage fracture is controlled by high stresses one can regard ρ as the
probability of failure of critical fracture triggering sites per unit volume, then,
for a V of a material one can rewrite equation (2.6), if the stress is constant,
into:

Pf = 1− exp
[
− ρV

]
. (2.7)

Assuming that Fracture occurs with a weakest link mechanism under small
scale yielding, i.e. J-controlled fracture, it is possible to derive a closed form
expression for fracture toughness distribution. Since cleavage fracture is typi-
cally a stress controlled event, the number of critical micro cracks should only
depend on the first principal stress:

ρ = ρ(σ1). (2.8)

The stress state ahead of crack tip in the limit of small scale yielding is given
by

σ1

σ0

= f

(
J

rσ0

, θ

)
(2.9)

equation (2.9) can be inverted and solved for the distance ahead of a crack tip,
and for a given angle one can obtain this for a particular stress value

r =
J

σ0

· g
(
σ1

σ0

, θ

)
. (2.10)

By fixing σ1 and varying θ from−π to+π, a contour is constructed of constant
principal stress, the area of this contour is given by

A =
J2

σ2
0

· h
(
σ1

σ0

)
. (2.11)
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where h is a dimensionless function of the maximum principal stress defined
as:

h

(
σ1

σ0

)
=

1

2

∫ +π

−π

g

(
σ1

σ0

, θ

)
dθ (2.12)

Under plane strain conditions in a edge cracked specimen, the volume sam-
pled by the contour of the maximum principal stress is B·A, where B is the
specimen thickness. This means that the incremental volume at a fixed J and
σ0 can be written as:

dV (σ1) =
BJ2

σ2
0

· ∂h

∂σ1

dσ1. (2.13)

Inserting equation (2.8) in equation (2.13) we obtain

Pf = 1− exp
[
−BJ2

σ2
0

∫ σmax

σu

ρ(σ1)
∂h

∂σ1

dσ1

]
(2.14)

where σmax is the peak value of stress that occurs in front of the crack tip, σu is
the threshold fracture stress. Equation (2.14) can be simplified for the case of
self similar crack tip stress field and by introducing B0J

2
c

σ2
0

∫ σmax
σu

ρ (σ1)
∂h
∂σ1

dσ1 = 1
in equation (2.14), where Jc is a scaling toughness corresponding toPf = 0.632
in a specimen of thickness B0. The following expression for the cumulative
probability of cleavage fracture becomes:

Pf = 1− exp

[
− B

B0

(
Jc
J0

)2
]
. (2.15)

By taking into account the relationship between K and J for small scale yield-
ing, one can express equation (2.15) as:

Pf = 1− exp

[
− B

B0

(
KIc

K0

)4
]
. (2.16)

Note that equation (2.15) and equation (2.16) are only valid when weakest
link failure occurs under small scale yielding and high constraint. The model
up to this point seems, for many materials, to be necessary but insufficient
to describe cleavage fracture due to that it only takes into account cleavage
initiation [3]. To account for propagation, a conditional probability needs to
be included in form of a threshold. This removes one of the shortcomings of
the current weakest link model. This conditional probability of progression is
a step function which can be expressed as:
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Ppr =

{
0 when KI < Kmin

1 when KI ≥ Kmin
(2.17)

which means that if KI < Kmin all cracks arrest and that a crack may only
propagate when KI ≥ Kmin.

There are several models for the conditional probability of propagation,
both Wallin [4] and Anderson [3] shows that an approximated three parameter
Weibull distribution is preferred. The Weibull model is used for defining the
relationship between the individual KJc results from the test specimens with
the cumulative probability of failure Pf as

Pf = 1− exp

[
− B

B0

(
KJc −Kmin

K0 −Kmin

)4
]

(2.18)

and can be easily applied to experimental data, where Kmin is the minimum
toughness parameter and critical J-values are measured experimentally and
converted into equivalent KIc data. Equation (2.18) is the foundation of the
master curve methodology. The temperature dependence in this prediction of
probability of failure is embedded in K0 as

K0 = 31 + 77exp (0.019 (T − T0)) (2.19)

and is the local value, based on local temperature and constraint. It corre-
sponds to cumulative probability level of 63.2 percent.

The ASTM E1921 Standard describes a procedure to access fracture tough-
ness in the ductile-to-brittle transition that can be used in order to find a suit-
able toughness-temperature master curve for cleavage fracture [5]. This en-
ables a complete characterization of a material’s brittle fracture toughness with
only one parameter, the reference temperature T0. This method is only appli-
cable for ferritic structural steels due to the lattice structure which undergoes
a brittle-to-ductile transition.

The fracture toughness can be described as a function of the temperature
using the master curve. The master curve is indexed for a standard 1T-sized
test specimen were B0 = 25.4 mm and is valid for fully constrained small scale
yielding, deeply cracked 1T specimens shows a high level of constraint [5].
The master curve in Figure 2.1 is an illustration of the median toughness for
the 1T specimen that follows the equation

KJc1T = 30 + 70exp [0.019 (T − T0)] (2.20)
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where T is the test temperature and T0 is the reference temperature for the 1T
specimen at which the median KJc is equal to 100 MPa

√
m [5]. A general

picture of a master curve can be seen in Figure 2.1

Figure 2.1: A general overview of a master curve with tolerance bounds set to
represent upper and lower bounds for probability of failure.

The master curve method supplies a scaling equation to convert the fracture
toughness between different specimen sizes according to

KJc(1T ) = Kmin + [Km −Kmin]

(
Bm

B1T

)1/4

(2.21)

where Kmin = 20 MPa
√

m, KJc(1T) is the adjusted corresponding 1T fracture
toughness for a measured toughness KJm, B1T is the reference thickness for the
1T specimen and Bm is the measured thickness of the specimen tested in the
experiment [5]. The Kmin = 20 MPa

√
m, according to Rathbun [6], is a very

good estimation for size adjusting fracture toughness to a common reference
thickness up to a thickness approximately B = 130 mm.

In order to determine a testing temperature for the experimental testing
the reference temperature T0 for the material needs to be determined. This is
done by using ASTM E1921 to ensure that the experimental output is valid.
The data from the calibration testing are used for estimating the parameter,
K0, for equation (2.18).

With an iterative procedure, a preliminary testing temperature can be with-
held by solving the following equation after each specimen have been tested,
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N∑
i=1

δi
exp [0.019(Ti − T0Q)]

11.0 + 76.7exp [0.019(Ti − T0Q)]
−

N∑
i=1

(
KJc(i) − 20

)4 exp [0.019(Ti − T0Q)](
11.0 + 76.7exp [0.019(Ti − T0Q)]

)5 = 0

(2.22)

where N is the number of specimen tested, Ti is the testing temperature corre-
sponding to KJc(i). The KJc(i) can be either censored or valid datum depending
on δi which is 1.0 for a valid KJc(i) and otherwise set to zero. A KJc datum is
considered invalid if it exceeds the limit given by

KJc(limit) =

√
Eb0σYS

30(1− ν2)
(2.23)

where b0 is the initial ligament of the test specimen, ν is the Poisson’s ratio
and E is the Young’s modulus and σYS is the mean value of the ultimate tensile
strength and yield strength at the testing temperature which will be further ex-
plained in section 3.2. If the tested specimen obtains a datum that exceeds the
limit showed in equation (2.23), the fracture toughness for that test specimen
in equation (2.22) is set to KJc(limit) and δi = 0. Equation (2.22) is solved for
the testing temperature T0Q and this temperature will be set to the reference
temperature T0 when the iterative process is accurate enough. The accuracy
for determining T0 is reduced in the range T0 - 50 to T0 - 14 ◦C in which a
weighting system is used for specifying the required number of valid fracture
tests. The weighting system consists of the following equation:

3∑
i=1

rini ≥ 1 (2.24)

where ri is the number of valid specimens withing the i-th range and ni is the
specimen weighing factor in withing the same range which are shown in the
following Table 2.1. At least six valid KJc test results is needed to be able to
validate the T0Q as T0.

This validation of the KJc result for valid data gathering regards equation
(2.21) when setting Km = 58 MPa

√
m obtained from Table 2.1 and Bm set to

the tested specimens thickness, this yields the following:

KJc1T(limit) = Kmin + (58−Kmin)

(
B0

B

)1/4

. (2.25)
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Table 2.1: Weighting factors for multi-temperature analysis.
(T − T0) range 1T KJc(med) range Weighting factor

[◦C] [MPa
√

m] ni

50 to -14 212 to 84 1/6
-15 to -35 83 to 66 1/7
-36 to -50 65 to 58 1/8

If theKJc datum obtains a lower value than what equation (2.25) prescribes, the
datum is invalid and will not be included in the weighting system for validating
the reference testing temperature T0. When the requirement from equation
(2.24) is met, the reference temperature T0Q has been validated and is equal to
T0.

After obtaining a valid reference temperature T0, the master curve for main
experimental testing with dimension 1T can be obtained according to equation
(2.20). The upper and lower bounds for the master curve is then given by the
following equation:

KJc(0.xx) = Kmin +

[
ln
(

1

1− 0.xx

)]1/4
×
(
11 + 77exp [0.019(T − T0)]

) (2.26)

where 0.xx represents the selected cumulative probability level for upper and
lower bound, these bounds are chosen to present probability of failure at 2%
and 98%. These fracture toughness bounds are then scaled using equation
(2.21) into corresponding 1T data.

Together with equation (2.20) one can obtain the master curve for any sized
specimen with one exception, specimens with constraint loss, such as speci-
mens with shallow cracks. For the master curve, constraint loss is handled by
correcting the T0 with the Tstress of the specimen, this is carried out as:

T0 = T0deep + A∆Tstress (2.27)

where ∆Tstress is the difference of the Tstress between the specimen used to de-
termine T0deep and the specimen with low constraint, e.g. SENB specimens
with a/W = 0.5 and 0.1 respectively with A = 40 ◦C [7]. The Tstress related to
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the materials yield strength is presented in the following equation:

Tstress

σY
= −1.13 + 5.96

a

W
− 12.69

( a

W

)2
+

+ 18.31
( a

W

)3
− 15.7

( a

W

)4
+ 5.6

( a

W

)5 (2.28)

This provides an approximation of the Tstress at the limit load of a SENB spec-
imen [1]. However, the handling of loss of constraint in the master curve is an
empirical ad hoc.

2.2 Non-local weakest link model
Another way of handling loss of constraint is to fully evaluate the stress-strain
field in front of the crack and apply the weakest link theory directly in the
stress field instead of applying it indirectly by using parameters as KI and
Tstress. Kroon and Faleskog [2] suggested a model that does this in a very good
manner. The probability of failure is expressed as:

Pf = 1− exp
(
−
∫
V

hmax
dV
V0

)
(2.29)

wherehmax is the maximum value of the random functionh experienced through-
out the loading history, V is the volume of the structure and V0 is a reference
volume. The random function h is as follows

h = h (εp
e, σ) (2.30)

a function depending on effective plastic strain εp
e and the non local measure-

ment of stress σ. Furthermore, h is divided as

h (εp
e, σ) = h1 (ε

p
e)h2 (σ) (2.31)

where h1 is related to the initiation of a micro crack due to plastic straining

h1 (ε
p
e) = cεp

e, (2.32)

and h2 is related to the propagation of the micro crack:

h2 (σ) = exp
(
−
(ησth

σ

)2)
− exp

(
−η2

)
, (2.33)

σ > σth,
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otherwise h2 = 0. In equation (2.32) and (2.33) c is a material parameter,
σth is a threshold stress, and η is a material parameter. The η parameter is is
related to the micro crack distribution and and is set to unity through this study
[7].

Kroon and Faleskog realized that modeling of cleavage fracture needed to
incorporate the fact that sustained propagation of a micro crack requires a high
stress over a sufficiently large distance. Consequently they introduced a non-
local stress measure that is calculated as the volume average of the stress over
a spherical volume VL that has the radius L [7]. The non local stress tensor is
expressed as:

σij =
1

VL

∫
VL

σij

(
X̂k −Xk

)
dV̂ , (2.34)

where X = (X1, X2, X3) are the coordinates to the center of the spherical
volume VL relative to the crack tip according to Figure 2.2.

Figure 2.2: A non-local stress tensor σij is integrated over a spherical volume
with the radius L from which the principal stresses are calculated.

From the non-local stress tensor, the non-local principal stresses can be
calculated from which the effective normal stress can be evaluated as:

σ =
(n+ 1)σI + σII + σIII

n+ 3
. (2.35)

This expression describes the non-local stress state over the volume VL and



CHAPTER 2. BACKGROUND AND THEORY 13

varies from the mean stress σm when n = 0 to the maximum principal stress
σI when n → ∞.

In order to calibrate the model parameters two data sets from the exper-
imental testing is needed. The probability of failure is evaluated from the
FE-model and fitted to the ranked probability of failure from the experimental
fracture tests. This is done by minimizing the residual function RLS which is
expressed as:

RLS = RA +RB (2.36)

where

RA =

NA∑
i=1

[
P i

rank,A − Pf

(
J i
c

)]2
, RB =

NB∑
i=1

[
P i

rank,B − Pf

(
J i
c

)]2
. (2.37)

In equation (2.37) NA and NB are the number of experiments done in the ex-
perimental set, usually high and low constraint sets, P i

rank,A and P i
rank,B are the

experimental probabilities of failure, Pf (J
i
c) is the probability of failure eval-

uated from the set of FE solutions.
Kroon and Faleskog [2] presents a study where an investigation in the tran-

sition temperature region on cleavage fracture toughness for SENB specimen
with different crack depths, with the same overall size dimensions. The tem-
perature range were chosen to be between -30 to +55 ◦C. They assume that
the length parameter L is temperature independent and that, for the low alloy
ferritic steel in their experiment, the lowest RLS value was obtained at L =150
µm.



Chapter 3

Methods

3.1 Experimental programme and setup
The specimen type used for the experimental series in this study are pre-cracked
SENB specimens that have all been extracted from the same bulk material at
the same depth so that the micro structure at the crack front should be the same
for all the specimens. The experimental series is divided into a calibration test
series and a main test series. The calibration test series consists of 8 speci-
mens with high constraint deep cracks in a three point bend test. The general
dimensions of the calibration test specimen can be observed in Table 3.1, the
reference value together with the measured value of W and B for the eight
calibration specimens can be observed in Appendix A.1.

Table 3.1: Calibration test specimen dimensions.
W B a a/W S

[mm] [mm] [mm] [-] [mm]
30 15 15 0.5 120

From the calibration test series, the reference temperature T0 is evaluated
according to equation (2.22). From the reference temperature, the final testing
temperature can be determined for the main test series. The main experimental
test series consists of four different types of test specimens, each group con-
tains 12 specimens which results in a total of 48 test specimens. The general
dimension of the four different test specimens and respective reference num-
ber can be observed in Table 3.1. The dimensions of the test specimens were
measured and the individual measurements can be observed in Appendix B.1.

14
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Table 3.2: General test specimen dimensions.
W B a a/W S

[mm] [mm] [mm] [-] [mm]
40 20 20 0.5 160
40 20 4 0.1 160
10 5 5 0.5 40
10 5 1 0.1 40

A general overview of a SENB specimen with support and load rollers can
be observed in Figure 3.1.

Figure 3.1: Overview of the test setup with support rollers, load rollers and
SENB specimen with general dimensions.

Throughout the experimental test series two different testing machines are
used, a uniaxial servo-hydraulic machine and a climate chamber. This cham-
ber is capable of controlling the temperature in a range -180 to +180 ◦C. The
climate chamber works by the use of liquid nitrogen that has been coupled to
the system controlled by a OMRON E5AC temperature controller. The spec-
imens are placed in the uniaxial servo-hydralic machine set to displacement
control and the compliance k of the test specimen is measured and derived.
From this the loading rate is calculated according to the recommendation for
three point bend specimen in the Handbook of Solid Mechanics [8] as
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δ̇ =
K̇IBW 3/2

f11
(

a
W

)
Sk

(3.1)

where K̇I = 1 MPa
√

m/s and f11
(

a
W

)
is evaluated as

f11

( a

W

)
=

3
(

a
W

)1/2
2
(
1 + 2 a

W

) (
1− a

W

)3/2×[
1.99− a

W

(
1− a

W

)(
2.15− 3.93

( a

W

)
+ 2.7

( a

W

)2)]
.

(3.2)

Each test specimens dimension from the calibration were measured and
after each test the initial crack front were measured at nine equally spaced
points with a microscope in order to calculate a representative crack length
using the following function:

a =
a1+a9

2
+ a2 + a3 + a4 + a5 + a6 + a7 + a8

8
. (3.3)

The fracture toughness can then be evaluated for each of the SENB specimens
where the fracture toughness has been calculated from the load line displace-
ment according to ASTM E1820 Standard [9]. The J-integral is divided into
an elastic part, Jel and a plastic part, Jpl as

J = Jel + Jpl. (3.4)

The elastic part is expressed as

Jel =
K2

I (1− ν2)

E
(3.5)

where KI is the mode I stress intensity factor. Jpl part from equation (3.4) is
expressed as

Jpl =
η

B (E − a)
Apl (3.6)

where Apl is the plastic work using the load line displacement record from the
experiment, see Figure 3.2. The η factor is evaluated as

η =


i=4∑
i=0

αi

( a

W

)i
when 0.08 ≤ a/W ≤ 0.36

1.89 when 0.36 ≤ a/W ≤ 0.70

(3.7)
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Figure 3.2: Definition of area for J calculation.

where the coefficient αi is listed in Table 3.1. The stress intensity factor KI in
equation (3.5) is not valid for shallow cracks [2]. The following solution

KI =
PS

BW
√
W

1.5
√
a/W

(1− 2a/W ) (1− a/W )3/2

i=4∑
i=0

κi

( a

W

)i
(3.8)

where the coefficient κi is listed in Table 3.1, is valid in the range 0.04 ≤ a/W

≤ 0.70 and used to determine Jel [2].

Table 3.3: Coefficients for evaluating J .
i 0 1 2 3 4

αi -0.07681 20.28 -80.01 143.5 -98.96
κi 1.923 -0.9094 2.249 -1.879 0.5869

Two tensile tests were performed in order to determine the material prop-
erties of the specific steel chosen for this analysis, one tensile test in room tem-
perature and one test at the final determined testing temperature used in the FE
modeling. The latter was made with strain gauges coupled in a half-bridge due
to the cold temperature. Since the low temperature effects the material prop-
erties, a Voce flow stress relationship was introduced. The Voce flow stress
has the following form

σf = σ0

(
1 + Ae−Bε

p
e + Cεp

e

)
(3.9)
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where σ0, A, B and C are constants determined from the stress-strain curve
and εp

e is the effective plastic strain.

3.2 Determining the testing temperature
According to the ASTM E1921 standard, there are some specimen dimension
requirement that has to be fulfilled. The SENB specimens remaining ligament
in the specimens must have the sufficient size to maintain a condition of high
constraint at the time of fracture, this sets the limit for the fracture toughness
for the test specimens according to equation (2.23). The σYS and the Young’s
modulus for the upper limit for valid fracture toughness datum is temperature
dependent. The σYS from equation (2.23) is given by:

σYS =
σY + σUTS

2
. (3.10)

where the ultimate tensile strength and yield strength at the testing temperature
is given by the following equations [10]:

σUTS = σUTS(room)

[
0.7857 + 0.2423exp

(
− Ttest

170.646

)]
, (3.11)

σY = σY(room) +
105

491 + 1.8Ttest
− 189. (3.12)

Here, the Ttest is the testing temperature and σUTS(room) and σY(room) is the
ultimate tensile strength and yield strength at room temperature. Since the
Young’s’ modulus from equation (2.23) also is affected by the temperature,
the following relation is applied to account for the temperature effect [5]:

E = Eroom − Ttest

16
(3.13)

where Eroom is the Young’s modulus for the steel in room temperature. Ac-
cording ASTM E1921, the lower limit for valid fracture toughness data gath-
ering is given by equation (2.25). Together with equation (2.23) this creates
the limitations needed that enables the extraction of a final testing temperature.
The KJc(limit) is dependent on the remaining ligament size and the temperature,
when the remaining ligament is smaller, the maximum limit of the fracture
toughness decreases. How this affects the master curve can be observed in
Figure 3.3.
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Figure 3.3: Illustration of the master curve with boundaries and defined limits
for valid fracture toughness, including how specimen size affect limits and
how the preferred temperature span is extracted.

The combination of of the two limitations together with the master curve
creates a temperature span from where a final testing temperature may be ex-
tracted that captures the entire predicted probability of failure. If a testing
temperature within the temperature span is extracted showed in Figure 3.3,
the captured region of a typical prediction of failure probability for that test
specimen would correspond to Figure 3.4 and would be valid according to
ASTM E1921.

Figure 3.4: Illustration of the captured probability of failure as predicted by
the master curve model for a chosen final testing temperature.
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From the determined reference temperature T0, the corresponding 1T mas-
ter curve can be plotted and together with an estimated final temperature, a
temperature span for valid testing for each of the specimen types is obtained.
From this, a single testing temperature is chosen that lies within the interval of
all four specimen types. When the predicted probability of failure for all the
test specimen types are captured, that will be the final testing temperature for
the main test series.

3.3 FE-modeling
The FE-modeling was performed in the commercial software Abaqus. A pic-
ture of the model of a specimen with the shallow and deep crack used in the
non-local weakest link model can be observed in Figure 3.5. The test speci-
mens are quarter symmetric, so the coordinate system is placed in the bottom
center point of the SENB specimens.

Figure 3.5: a) overview of the SENB specimen with coordinate system. b)
overview of the FE-models. c) close-up of the crack fronts mesh around the
tip of the crack.

For both specimen types the following boundary conditions where applied.
u2 = 0 for the ligament, X2 = 0, a ≤ X1 ≤ W , u3 = 0 at X3 = 0, u1 = 0

for X2 = 0, 7W/8 ≤ X1 ≤ W . The loading of the structure is set by a
dicplacement on the bottom side of the structure as u2 = δ at X2 = 2W ,
X1 = 0.
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In order to evaluate the parameters σth from equation (2.33), c from equa-
tion (2.32), n from equation (2.35) andL, for the non-local weakest link model
for the prediction of probability of failure, two data sets were used to estimate
the model parameters. The model parameters are then used to predict the prob-
ability of failure for all four sets of the experimental data.

The procedure to investigate the combination of test specimen which yields
the smallest residual error starts with setting n = ∞ and stepping the length
L parameter from 50 µm adding 25 µm up to 250 µm for test specimens with
high and low constraint respectively. The value ofL that yields the lowest error
together with the surrounding ±25 µm values are investigated further. All six
combinations of the test specimens are then evaluated for the threeL parameter
values with n = ∞. In the next step, the parameter n set to be evaluated for all
six combinations for each of the threeL parameter values. This investigates the
triaxial stress states effects the prediction of the probability of failure showed
in equation (2.35). The combination that yields the lowest residual error and
has the most accurate prediction of probability of failure for the test specimens
is considered to be the most favorable combination.
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Results

4.1 Reference temperature T0

The results from the pre-testing series of the eight test specimen can be seen in
Figure 4.1, the temperature T0Q = −135 ◦C. The validation of the weighting
system in ASTM E1921, equation (2.24), resulted in

∑
rini = 1.476 deeming

T0Q to be a valid T0.

Figure 4.1: Master curve plot with experimental data from calibration testing
with 2%-98% bounds for probability of failure. The reference temperature
T0 = −135 ◦C.

22
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4.2 Determining the testing temperature
From the reference temperature T0 = 135 ◦C the master curve predictions for
the four test specimens were obtained, see Figure 4.2 for specimens with a
deep cracks and Figure 4.3 for the specimens with a shallow cracks.

Figure 4.2: a) and b) shows the master curve of the large respectively small
test specimen with a deep crack together with the limits and boundaries for
the reference temperature. The intersection points determines the interval in
which the final testing temperature can be extracted.

The temperature that may be extracted from from the master curve inter-
val in Figure 4.2 b) can not capture the entire predicted probability of failure
for any chosen temperature. From the four master curves with the limits and
boundaries the span of valid final testing temperature can be seen in Table 4.1.
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Figure 4.3: a) and b) shows the master curve of the large respectively small
test specimen with a shallow crack together with the limits and boundaries for
the reference temperature. The intersection points determines the interval in
which the final testing temperature can be extracted.

Table 4.1: Interval for preferred temperature for the testing. NOTE: for W =
10 mm and a/W = 0.5, the entire probability of failure span can not be captured
for any chosen testing temperature.

Specimen Interval [◦C]

W = 40 mm, a/W = 0.1 -159 to -100
W = 10 mm, a/W = 0.1 -159 to -156
W = 40 mm, a/W = 0.5 -127 to -86
W = 10 mm, a/W = 0.5 -127 to -145
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The final testing temperature was determined to be -155 ◦C to best cap-
ture the predicted probability of failure for each specimen type. The predicted
probability of failure can be observed in Figure 4.4 for deep cracked specimens
and 4.5 for shallow cracked specimens.

Figure 4.4: a) and b) shows the predicted probability of failure for the specimen
with deep cracks with the limits of the fracture toughness for the large and
small specimen respectively.

The entire predicted probability of failure is not captured by the limita-
tions for valid cleavage fracture testing, as shown in Figure 4.4, the predicted
probability of failure up to approximately 10 % lies outside the KJc1T limit.
However, it is more important to capture the upper part of the predicted prob-
ability curve since the KJc(limit) may not be exceeded for valid testing. The
reason for this is that for W = 10 mm, a/W = 0.5, the entire probability span
can not be captured for any temperature. See Figure 4.2 b).
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Figure 4.5: a) and b) shows the predicted probability of failure for the specimen
with shallow cracks with the limits of the fracture toughness for the large and
small specimen respectively.

The predicted probability of failure is well captured for both test specimen
types with shallow cracks.
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4.3 Properties at testing temperature
The result from the tensile tests in room temperature and at the final testing
temperature T = −155 ◦C can be observed in Table 4.2.

Table 4.2: The Material properties at room temperature and at the final testing
temperature −155 ◦C

.

Specimen Number 20535 20536
Test Temperature [◦C] 23 -155

Young’s Modulus [GPa] 204 223
Yield Strength [MPa] 534 773

Ultimate tensile strength [MPa] 669 886

The fitted parameters for the flow stress according to equation (3.9) can be
observed in Table 4.3 and curve fitted to the result from the tensile test can be
seen in Figure 4.6.

Table 4.3: Evaluated parameters for equation 3.9.
Function σf = σ0

(
1 + Ae−Bε

p
e + Cεp

e

)
σ0 968.16
A -0.28
B 13.76
C 0.76

Figure 4.6: Fitted exponential function for the Voce flow stress to the exper-
imentally gathered data from uniaxial tensile test of test specimen 20536 at
−155 ◦C.
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4.4 Results from the fracture tests
From the three point bend testing experiment of the material, the fracture
toughness result and the master curve concept for W = 10 mm and a/W =
0.5 can be seen in Figure 4.7.

Figure 4.7: a) ranked probability of failure from W = 10 mm a/W = 0.5
experiment with the predicted probability of failure. b) experimental fracture
toughness in relation to predicted master curve.

The experimental results for the fracture toughness and the probability of
failure for W = 40 mm and a/W = 0.5 can be observed in Figure 4.8. The pre-
diction correspond well with the experimental results for the fracture tough-
ness, only slightly overestimated.

Figure 4.8: a) ranked probability of failure fromW = 40 mm a/W = 0.5 exper-
iment with predicted probability of failure b) experimental fracture toughness
in relation to predicted master curve.
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The experimental result for the fracture toughness and the probability of
failure for W =10 mm and a/W = 0.1 test specimen in Figure 4.9, the pre-
diction is very accurate compared to the experiment.

1 ,--------------.---�---.------�--------,-----�.------:::::=----i 

(l) 
H 
;:::l 

....-t 

0.9 

0.8 

0.7 

;_§ 0.6 
� 
0 
� 0.5 
...... 
....-t 
...... 

j 0.4 
0H

� 
0.3 

0.2 

0.1 

a) 

--Probability of failure 
- - -KJc(limit)
--KJclT 0 

o Experimental d5ta

0 

0 

0 

0 

0 

0 

W=l0 mm , a/W=0.1 
T = -155 °C
To= -135 °C

0

0 L__ ___ ____L...-===--.J.___...L._ ___ ____j_ ____ ____j__ ___ ____j_L__ ___ __J 

0 50 100 150 200 
KJc [MPay'm] 

250 300 

� 
co 

� 

� 

1000�--�--�---�--�--�---�--� 
-- Master curve 

900 - - - Upper bound
- - - Lower bound

800 - - -KJc(limit)
--KJclT 

700 o Intersection point
o Experimental data

600 

500 b)

400 

300 / 
/ 

W=l0 mm , a/W=0.1 
T = -155 °C
To= -135 °C

/ 

/ 
/ 

/ 
/ 

/ 
/ 

/ 
/ 

./ 

./ 

./ 

./ 

/ 

/ 
/ 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

---- CL/ - - - -.,.........----e,--- - - - - - / 
--

200 --
--

--

100 
-

-
-

-
-

-

0 
-200 -180 -160 -140 -120

Temperature [° C] 

------�---
--

--

--

-100 -80 -60

Figure 4.9: a) ranked probability of failure fromW = 10 mm, a/W = 0.1 exper-
iment with predicted probability of failure b) experimental fracture toughness
in relation to predicted master curve.

The experimental results of the fracture toughness and the probability of
failure for W = 40 mm and a/W = 0.1 can be seen in Figure 4.10. The pre-
dicted probability of failure seems to overestimate the fracture toughness for
the experiments.

Figure 4.10: a) ranked probability of failure from W = 40 mm a/W = 0.1 ex-
periment with predicted probability of failure b) experimental fracture tough-
ness in relation to predicted master curve.

From the the experimental data for the different specimens an individual
T0 was calculated, the results are presented in the Table 4.4 together with the
weighting validation from equation 2.24.
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Table 4.4: Shows the individual calculated T0 for the four experiment set of
data, on the right hand side the weighting validation values are presented.

Specimen size Individual T0
∑3

i=1 rini

W = 10 mm, a/W = 0.1 -166 ◦C 1.98
W = 10 mm, a/W = 0.5 -132 ◦C 1.31
W = 40 mm, a/W = 0.1 -136 ◦C 1.06
W = 40 mm, a/W = 0.5 -124 ◦C 1.43

4.5 Results from the FE simulations
The fitted exponential function for the flow stress were applied to the four dif-
ferent types test specimen in the commercial programme Abaqus to simulate
the force-displacement behavior at the testing temperature, the results from
these simulations can be observed in Figure 4.11 - 4.14.

Figure 4.11: Force-displacement curves for W = 10 mm, a/W = 0.5 from
experiment and from the FE simulation solution.
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Figure 4.12: Force-displacement curves for W = 40 mm, a/W = 0.5 from
experiment and from the FE simulation solution.

Figure 4.13: Force-displacement curves for W = 10 mm, a/W = 0.1 from
experiment and from the FE simulation solution.
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Figure 4.14: Force-displacement curves for W = 40 mm, a/W = 0.1 from
experiment and from the FE simulation solution.

The experimental results from the force-displacement curves for each test
specimen is compared with the FE simulated force-displacement curve. From
the point of fracture of the experimental data, a corresponding displacement
value from the FE simulated curve can be extracted. The JIc,FEM is then ob-
tained from the FE simulation corresponding to that displacement value. The
JIc,exp is evaluated using equation (3.4) for the experiments at fracture. Over-
all the experimental JIc,exp data corresponds very well with FE simulated data
except for the experimental set where W = 10 mm and a/W = 0.1. For all the
test specimens in this series the JIc,exp is significantly higher than JIc,FEM. The
difference between the experimental determined JIc,exp and the corresponding
FE determined JIc can be observed in Table 4.5.
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Table 4.5: Values of JIc from the four sets of experiments and the correspond-
ing value from the FE solution at failure.

W = 10 mm, JIc,exp JIc,FEM W = 40 mm, JIc,exp JIc,FEM

a/W = 0.5 [kNm−1] [kNm−1] a/W = 0.1 [kNm−1] [kNm−1]

20452A 103.75 94.45 20458 57.79 48.37
20452B 72.95 63.44 20459 6.70 7.40
20452C 45.71 39.84 20460 13.32 13.39
20452D 39.84 36.28 20461 16.53 15.33
20453A 24.89 23.84 20462 47.04 48.70
20453B 12.89 10.37 20463 19.31 23.47
20453C 18.37 18.80 20464 44.97 42.36
20453D 46.82 44.87 20465 12.89 13.19
20454A 54.46 48.60 20466 14.43 16.35
20454B 9.81 9.55 20467 7.62 8.22
20454C 47.18 42.72 20468 30.52 23.65
20454D 38.44 34.71 20469 43.91 42.81

W = 10 mm, JIc,exp JIc,FEM W = 40 mm, JIc,exp JIc,FEM

a/W = 0.1 [kNm−1] [kNm−1] a/W = 0.5 [kNm−1] [kNm−1]

20455A 286.59 174.10 20470 20.65 21.69
20455B 116.92 75.60 20471 18.33 19.94
20455C 143.12 94.71 20472 17.41 18.81
20455D 155.09 118.83 20473 13.99 16.20
20456A 49.17 32.33 20474 32.55 34.19
20456B 125.91 101.49 20475 16.02 17.32
20456C 88.82 54.68 20476 35.87 37.30
20456D 98.39 64.35 20477 25.18 26.62
20457A 58.55 39.56 20478 34.92 35.31
20457B 68.48 50.31 20479 6.22 6.69
20457C 120.23 70.65 20480 30.01 32.07
20457D 106.32 63.14 20481 17.19 18.85
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4.6 Comparison between experiments and non-
local weakest link model

The results from the non-local weakest link modelling are shown in Figure
4.15 - 4.18. The model parameters are estimated from the experimental data
from the top plot in each figure, the prediction of probability of failure is then
made for each experimental data set. The four predictions are each indexed
with a number I-IV for further reference to Table 4.6 where the experimental
test series used for the parameter evaluation are presented and Table 4.7 where
the determined parameters are presented. Figure 4.15 shows a prediction after
using an iterative process for finding the length parameter L that yields the
lowest residual error when n = ∞ is regarded. The prediction is made using
W = 10 mm, a/W = 0.5 and W = 10 mm, a/W = 0.1. The prediction for W =
40 mm and a/W = 0.1 does not represent the outcome from the experimental
result at all.

Table 4.6: Experiment test series used for parameter estimation of the four
predictions.

I W = 10 mm, a/W = 0.5 II W = 40 mm, a/W = 0.5
W = 10 mm, a/W = 0.1 W = 10 mm, a/W = 0.1

III W = 40 mm, a/W = 0.1 IV W = 40 mm, a/W = 0.5
W = 10 mm, a/W = 0.1 W = 10 mm, a/W = 0.1

Figure 4.15: Predicted probability of failure from the two small test specimen
types with L = 200 µm, n → ∞ at the final testing temperature.
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All different combination of the specimens to predict the probability of
failure was evaluated for the length parameter L set to 150, 175 and 200 µm.
When n = ∞ the most promising prediction was obtained when using W =
10 mm, a/W = 0.1 and W = 40 mm, a/W = 0.5 and the length parameter
L = 150 µm. This can be observed in Figure 4.16.

Figure 4.16: Predicted probability of failure from W = 10 mm, a/W = 0.1 and
W = 40 mm, a/W = 0.5, L = 150 µm, n → ∞ at the final testing temperature.

When allowing n to be a free parameter in the estimation procedure, the
best result with regard to the residual error was using the shallow crack spec-
imens in order to make prediction for the specimens with deep cracks. The
length parameter was obtained as L = 175 µm and n = 0, this can be observed
in Figure 4.17.
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Figure 4.17: Predicted probability of failure from the two shallow cracked test
specimen to predict the deep cracked specimens, with L = 175 µm, n = 0 at
the final testing temperature.

When not only looking at RLS and the total residual error value Rtot for
finding the best fit but also taking into account specifically the fit at 5, 50 and
95 percent of failure probability, the best prediction was made by using W =
10 mm, a/W = 0.1 and W = 40 mm, a/W = 0.5. The length parameter was
obtained as L = 200 µm and n = 0.945, the prediction from this set can be
observed in Figure 4.18. The total residual error value Rtot is defined as:

Rtot = RA +RB +RC +RD (4.1)

were RA and RB are defined according to equation (2.37). RC and RD are
evaluated as:

RC =

NC∑
i=1

[
P i

rank,C − Pf

(
J i
c

)]2
, RD =

ND∑
i=1

[
P i

rank,D − Pf

(
J i
c

)]2
. (4.2)

In equation (4.2) NC and ND are the numbers of experiments done in the ex-
perimental set, P i

rank,C and P i
rank,D are the experimental probabilities of failure

and Pf (J
i
c) is the probability of failure evaluated from the set of FE solutions.
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Figure 4.18: Predicted probability of failure for W = 10 mm, a/W = 0.1 and
W = 40 mm, a/W = 0.5. The length parameter was found to be L = 200 µm
and n = 0.945.

An overview of the fitted parameters and the residual error from the pre-
dictions made in Figure 4.15-4.18 can be observed in Table 4.7.

Table 4.7: Overview of the fitted parameters and residual error for the predic-
tions showed in Figures 4.15-4.18.

L n c/V0 σth/σ0 RLS Rtot

[µm] [-] [1/m3] [-] [-] [-]
I 200 ∞ 120.5 · 106 2.02 0.194 3.148
II 150 ∞ 917.3 · 104 1.70 0.294 1.467
III 175 0 177.5 · 104 0.80 0.334 0.795
IV 200 0.945 695.2 · 104 1.19 0.103 0.858
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Discussion

The experiments preformed in this study was carried out without any major
difficulties and the programme worked very well with no surprises. The pro-
cedure for determining the testing temperature is a good way to capture the
predicted probability of failure for the master curve model for a large series of
test specimen with different sizes and crack depth. For W = 10 mm and a/W

= 0.5 however, the entire predicted probability of failure could not be captured
due to that the test specimens in that series is to small. The master curve model
predictions are very accurate compared with the experimental results except
in one case. When W = 40 mm and a/W = 0.1, the test specimens showed to
be more brittle than what was expected according to the master curve model
prediction. This can be due to several reasons. By further checking the loss of
constraint for the test specimens with the Q parameter defined as:

Q =
σL

I

(
W=X
a/W=Y, J

L (P exp
f=50%)

)
− σH

I

(
W=40mm
a/W=0.5 , J

L (P exp
f=50%)

)
σ0

(5.1)

where σL
I is the stress state in front of the crack tip corresponding to rσ0/J

= 2 for a low constraint test specimen from the experimental series with J at
50% ranked probability of failure, σH

I is the stress state in front of the crack
tip for a high constraint test specimen from the experimental test series with J

corresponding to the tested low constraint specimen at 50 % ranked probability
of failure, X is either 40 mm or 10 mm and Y is either 0.1 or 0.5 depending on
the compared specimen. WhenQ gives a negative value far from zero, one can
consider that there is loss of constraint for that test specimen in comparison to
the high constraint specimen. As can be seen in Table 5.1 the test specimens
with the shallow cracks does indicate that there is loss of constraint. However,

38
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W = 10 mm, a/W = 0.1 seems to have more loss of constraint than W = 40
mm, a/W = 0.1.

Table 5.1: The different Q values using W = 40, a/W = 0.5 as the high con-
straint specimen.

Compared specimen Q-value
W = 40 mm, a/W = 0.5 0.0
W = 10 mm, a/W = 0.5 0.0277
W = 40 mm, a/W = 0.1 -0.2917
W = 10 mm, a/W = 0.1 -0.6376

Another control is to compare the limit load, Flimit for the SENB test spec-
imen and compare it to the load at failure from the experiment at 50 % prob-
ability of failure, F 50%

experiment. This comparison can be observed in Table 5.2.
For both small test specimens we obtain approximately 80 % of the limit load,
whereas for the large specimens we only obtain 40 % of the limit load. Since
the Tstress correction is based on the limit load, the T0-correction requires a
F 50%

experiment close to the limit load in order to correctly adjust the master curve
for the loss of constraint. When applied to W = 40 mm, a/W = 0.1 the T0-
correction overestimates the fracture toughness, hence the inaccurate predic-
tion for the probability of failure from the master curve model. There seems
that at some point the size effects exceeds the low constraint effects and when
the specimen size is increased, the T0-correction fails to accurately adjust for
the loss of constraint for the master curve. If the test specimen is large enough
one might not even have to apply the T0-correction at all. This probably has
something to do with the number of nucleation sites in the ligament. For the
large specimen the nucleation sites should be more numerous than for the small
specimen, this in combination with that the loss of constraint in the large spec-
imen with the shallow crack is lower than for the smaller specimen with a shal-
low crack and the fact that the load at failure reached for the experiment for the

Table 5.2: Comparison between the limit load and the load at failure for the
experiment at ranked probability of failure 50 %.

Specimen F 50%
experiment [N] Flimit [N] F 50%

experiment
/
Flimit [-]

W = 40 mm, a/W = 0.5 2.56 · 104 6.01 · 104 0.4260
W = 40 mm, a/W = 0.1 8.57 · 104 1.95 · 105 0.4393
W = 10 mm, a/W = 0.5 3.04 · 103 3.76 · 103 0.8076
W = 10 mm, a/W = 0.1 9.75 · 103 1.22 · 104 0.8003
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large specimens are significantly lower than for the small specimens in relation
to the limit load, the size effects that counters the low constraint effects.

When comparing the results of the fracture toughness from the experiment
and the corresponding fracture toughness from the FE solutions presented in
Table 4.5, there is quite a difference in the solutions for W = 10 mm, a/W
= 0.1 compared to the other test specimens. These test specimens however
seems to have the best predicted probability of failure from the master curve
model compared to the experimental results. An explanation for this could be
that the crack depth for the W = 10 mm, a/W = 0.1 specimens are varying
from 0.97 mm to 1.39 mm as can be seen in Appendix B. Since only one FE
model was used with a crack depth of 1 mm, the fracture toughness results
from the experiments in this series increases relative to the FE result. This is
due to that the remaining ligament is smaller in the test specimens than what
was modelled for the FE solution. To obtain more accurate results, individual
FE models can be made with crack depths according to each test specimen.

When using two series of test specimen types to estimating the parameters
to further predict the probability of failure for all experimental data sets in
section 4.6, the residual error RLS decreases significantly when solving for n
as a parameter. Since both n andL is affecting the stress levels in the non-local
weakest link model there could be a relation between these two parameters
which is somewhat obscure. However, this is not something investigated in
this thesis. The prediction seems to become even better when combining the
large test specimen with high constraint with the small test specimen with low
constraint. This combination also gives a n value in general between 0.7-0.95,
which could mean that one should not only look at the first principal stress
nor the average mean stress when using the non-local weakest link model,
but somewhere in between. Kroon and Faleskog suggested that the length
parameter L is independent of the temperature and gives the lowest RLS value
at L = 150 µm for low alloy ferritic steels. The lowest RLS value found in this
study was at L = 175 µm which seems to be reasonable in comparison.

The aim of this thesis was to study how the scatter of fracture toughness is
affected under conditions that relates to size and constraint effects through a
fracture mechanical experimental test series containing specimens with differ-
ent size and crack depth to gather experience in this type of testing. Further-
more modeling the experiment with a non-local weakest link model in order to
investigate the importance of the stress measure and how the model parameters
can be determined for yielding the best result, which has been done throughout
this thesis.

In the future it would be of interest to further develop the master curve
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model to account for the size effects that exceeds the low constraint effects for
large sized test specimens in form of ligament size and number of nucleation
sites. As for the non-local weakest link model, investigate further how the n

and L parameters should be determined in order to obtain accurate predictions
of probability of failure of cleavage fracture.



Chapter 6

Conclusions

• The method used for determining the testing temperature for different
sized test specimens combined with the master curve model for predict-
ing the probability of failure yields very accurate results with respect to
the experimental result.

• The ad hoc T0-correction of the master curve for low constraint test spec-
imen needs to be further developed for large sized test specimens, the
size effects exceeds the low constraint effects which yields an inaccurate
correction of the master curve and overestimates the fracture toughness.

• It is of interest to further investigate how the parameters n and L should
be determined to obtain more accurate prediction of probability of fail-
ure in the non-local weakest link model for low alloy ferritic steels.
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Appendix A

Calibration test specimens

Table A.1: Measured calibration test specimen dimensions with reference test
number.

Specimen Number W [mm] B [mm] a [mm] a/W [-]
20439 30.04 15.04 15.00988 0.49966
20440 30.03 15.03 15.00750 0.49975

20443 A 29.98 14.87 15.024 0.50113
20559 29.97 14.85 14.87113 0.4962
20560 29.97 14.96 15.07475 0.50210
20561 29.99 14.98 15.07425 0.50264
20562 29.97 14.96 15.08513 0.50334
20563 29.97 14.94 15.07569 0.50303
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Appendix B

Test specimens

Table B.1: Measured test specimen dimensions with reference test number.
Specimen Number W [mm] B [mm] a [mm] a/W [-]

20452A 10.01 4.99 5.236813 0.523158
20452B 10.02 4.98 5.263125 0.525262
20452C 10.02 4.97 5.060625 0.505052
20452D 10 4.99 4.912875 0.491288
20453A 10 4.99 4.88136 0.488125
20453B 10 4.99 5.143313 0.514331
20453C 9.99 4.99 4.998813 0.500382
20453D 9.99 4.99 5.12225 0.512738
20454A 9.99 4.98 5.240563 0.524581
20454B 10 4.99 5.179188 0.517919
20454C 10 4.99 4.978063 0.497806
20454D 9.99 4.98 5.001 0.500601
20455A 10 5 1.392375 0.139238
20455B 10 5 1.3195 0.13195
20455C 10 4.95 1.167563 0.116756
20455D 10 4.99 0.974 0.0974
20456A 10 5 1.279938 0.127994
20456B 10 4.99 0.931125 0.093113
20456C 10 4.99 1.2005 0.12005
20456D 10 5 1.1605 0.11605
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Specimen Number W [mm] B [mm] a [mm] a/W [-]

20457A 10 4.99 1.072313 0.107231
20457B 10 5 0.9735 0.09735
20457C 10 5 1.339688 0.133969
20457D 10 4.99 1.30175 0.130175
20458 39.96 19.94 3.90631 0.09775
20459 39.97 19.96 3.994 0.09993
20460 39.98 20 4.00631 0.10081
20461 39.95 20.03 3.95763 0.09906
20462 39.98 19.99 3.97171 0.09935
20463 39.96 20.02 3.3981 0.09963
20464 39.88 20.02 3.92725 0.09848
20465 39.98 20.06 4.049063 0.101277
20466 39.99 19.99 4.036813 0.10095
20467 39.98 20.01 4.02925 0.100782
20468 39.97 19.99 3.921063 0.0981
20469 39.96 20 3.81275 0.095414
20470 39.98 20 20.11419 0.503106
20471 39.98 20.02 20.139 0.503727
20472 40.01 20.01 20.16631 0.504032
20473 39.97 20 20.15831 0.504336
20474 40.03 20.06 20.17913 0.5041
20475 39.99 20.02 20.2125 0.505439
20476 40 20 20.20563 0.505141
20477 40.01 20.04 20.17338 0.504208
20478 39.98 19.97 20.08 0.502251
20479 39.96 20.02 19.9915 0.500288
20480 39.97 20.04 20.04856 0.50159
20481 39.93 20.03 20.102 0.503431
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