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FOREWORD

This revison was performed in order to take John Underwood's comments into account.
Changes were done to:

correct for atypo in equation (14),
better explain the context in which John Underwood's equation was established,
better set the limit of applicability of r,=0.44
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ABSTRACT

The objective of this work is to perform three-dimensional finite element calculations of a
fracture toughness test in the transition region where fracture initiates through a cleavage
mechanism. The selected geometry is the PCCv specimen statically loaded in three point
bending with a crack length equal to the half of the width.

After a number of iterations, an appropriate mesh, boundary conditions and finite element
model were selected.

Finite element calculations of the PCCv are used to analyse:

the relation between the load point displacement and the crack mouth opening
displacement,
the h-factor formulation,

the effect of side-grooving,
It is found that the different formulations proposed in the ASTM E1921-97 to calculate the J-
integral are accurate enough for its application. The maximum error on the reference
temperature is 3 °C.

The use of the plane strain Young modulus and adequate formulation to infer the load line
displacement are presented and discussed.

KEYWORDS

Finite element calculations, three-dimension, PCCv, side-groove, fracture toughness,
cleavage, CMOD, LLD, h-factor



1 Introduction

Fracture toughness testing in the transition regime was recently standardised within ASTM
1921-97 [1]. This standard proposes a normalised procedure to analyse the test results of
standard specimens and to determine the reference temperature, To, for ferritic steels in the
transition range.

The assessment of Reactor Pressure Vessel Steel (RPVS) embrittlement could be usefully
evauated through the shift of the reference temperature DTy instead of the current semi-
empirical methodology. In practice, standard one inch thickness Compact Tension, C(T),
specimen can be usefully replaced with smaller fracture toughness specimens, such as the
precracked Charpy v-notch Specimen (PCCv). Indeed, irradiated RPVS is available in small
guantities and PCCv specimens can be reconstituted from broken surveillance Charpy
specimen [2].

The published literature shows that the PCCv specimen analysed using the ASTM 1921
generally shows a 10 °C lower reference temperature than the standard specimen. Compared
with the inherent scatter in the trangition, this difference is small. However, it has been
observed on many materias. JSPS [3, 4], 22NiMoCr37 [4], JRQ [4, 5], 73W [4], KFY5 [5]
and JFL[5].

The reason for this difference can be;

a non adequate formulation to derive the fracture toughness from the load displacement
record,

adifferent level of constraint in single edge notch bend SE(B) and C(T) geometry [3],
adifferent level of constraint due to side-grooving,

adifferent level of constraint due to the ratio W/B which is 1 for PCCv and 2 for C(T) [3],
an inadequate size limit defined to avoid loss of constraint [3],

a lower reference temperature for lower test temperature, as PCCv specimens are
generally tested at lower temperatures to increase the number of valid data.

The formulation and the level of constraint can be investigated using finite element
simulations of the PCCv and one inch C(T) fracture toughness test. However, simple 2-
dimensional analysis of a PCCv specimen, assuming a plane strain behaviour, is not an
adequate model to accurately describe the actual 3-dimensional geometry [6, 7].

The recommendations of the ASTM E1921-97 to derive the fracture toughness from the load
versus displacement record and to use a size limit to avoid loss of constraint are partly based
on the work of Nevalainen and Dodds [7]. They performed a thorough 3-dimensiona finite
element analysis of the C(T) and SE(B). They provide:

h-factors that are to be used to experimentally evaluate the fracture toughness,

specimen size limits accepting a limited loss of constraint (10% overestimated fracture
toughness),

an effective thickness introduced for the statistical correction, which takes into account
triaxiality changes along the crack front.
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It is important to note that the current ASTM E1921-97 specimen size requirement is less
severe than the specimen size requirement established by Nevalainen and Dodds in [7]:

MK?

SYS

b,B >

1)

with M=30 for the ASTM E1921-97 and M=55 according to [/] for a strain hardening
exponent n=0.1.

The application of equation (1) to a PCCv specimen with b=5 mm and svs=500 MPa has for
consequence that PCCv specimens that break between 96.5 and 130 MPaOm are subject to a
significant loss of constraint. This loss of constraint is such that the fracture toughness might
be overestimated by more than 10%. This overestimated fracture toughness might explain the
lower reference temperature measured with small specimens. Indeed, 10% higher median
fracture toughness corresponds to a 6 °C lower reference temperature.

In order to develop a loss of constraint correction factor for small specimens and to gain
confidence in the results presented in [7], a study was performed at SCK- CEN. This work is
done within Task 1.1.3 of the ELECTRABEL -SCK- CEN Convention. The first part of this
study is to perform and anayse the finite element ssmulations of a fracture toughness test on a
PCCv specimen. In a further step, the finite element calculation of a C(T) one-inch thickness
specimen loaded up to 100 MPaOm will be required to obtain a reference condition.

2 FE model

To modd actua material behaviour, the incremental theory of plasticity is used in
combination with an isotropic strain-hardening model based on the Von Mises criterion with a
uniaxial true stress versus true strain described by a power law:

i e .

i — Ifs<sy
_1 Gvs
=1

s
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with Ee,g = Syg 3

Actual true stress versus true strain behaviour of metallic materials can generaly be fitted by
a power law curve. Alternatively, the strain-hardening exponent can be obtained from
equation (4) which can easily be solved with a non-linear iterative solver. This expression is
derived in [8] by solving the instability point and converting true stress to engineering stress.

N
&£n 0

Sys  exp(n)
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This study is limited to one material representative of most unirradiated RPVS. It has a
hardening exponents n=0.1, a Y oung modulus E=207 GPa, a Poisson ratio n=0.3 and a yield
stress such that E /s ys=500.

As most of valid fracture toughness tests on PCCv specimens do not show any ductile crack
growth, the modelling of ductile crack growth by a complex node release technique is not

necessary.

The first strategy is to use meshes containing 20-node isoparametric hexahedral elements with
reduced Gauss integration. As no convergence was obtained for fine meshes, 8-node
isoparametric hexahedral elements without reduced Gauss integration were also used.

Because of large geometry changes, the modified updated Lagrangian [9] procedure is used to
account for large strains and displacements. To avoid large mesh deformation and overlapping
at the crack tip, an initial blunted mesh is used. The initia crack tip radius is 10 mm. For the
coarsest mesh, the dimension of the smallest element located at the crack tip is typically one
third of theinitial crack tip radius.

The specimen dimensions are standard: 10 x 10 x 55 mm. As ASTM E1921-97, recommends
acrack length to width ratio between 0.45 and 0.55, aW=0.5 is selected for the present study.
To reduce the computer time, only one fourth of the PCCv geometry was simulated (see
Figure 1). Symmetry conditions were imposed to the planes defined by the equations y=0 and
z=5. For the side-grooved geometry the thickness reduction is 20%, the notch angle 45° and
the notch radius 0.5 mm in accordance with ASTM E1921-97. The side-grooved mesh was
obtained by modifying the non side-grooved mesh. The nodes for which y<ys; are translated
in the z direction, where 2y is the side-groove width given by:

_ & @& 1 ®©
Yoy —tan(a/2)§d +rgs_n( al2) - 1!55 (5)

where a is the notch angle, r the notch radius and d the notch depth.

For z=0 the nodes are trandated to reproduce the notch shape. For 2 O, the trandation vector
reduces linearly from z=0 to z=5. The machined notch for precracking and for clip gauge
attachment are not modelled as it will not affect the results.

Figure 1 PCCv in 3PB loading. Only one fourth of the geometry is simulated.



Load application and support can be considered as contact conditions between the surface of
different objects: the punch, the specimen and the roller. The introduction of these conditions
in a finite element model is rather complex and introduces additional highly non-linear
equations.

To simplify the problem, the support was initially ssimulated by fixing the displacement in the
X direction on the nodes located on the support line and the load was simulated by applying

a displacement in the - X direction on the nodes located on the load line. The results on
meshes of increasing refinement show that the model was too simplified and introduces local
abnormal deformation near the load line and the support line.

In the final approach, thin elastic pentahedrons with the same Y oung modulus and Poisson
ratio as the specimens are used to improve the load distribution on the contact areas (see
Figure 2). The support is smulated by fixing the displacement in the X direction on the
nodes located on the edge of the pentahedron just above the support line and the load was
simulated by applying a displacement in the - X direction on the nodes located at the edge of
the pentahedron just below the load line.

Figure 2 Smulated contact conditions for a PCCv loaded in 3PB. Pentahedrons have the
following dimensions a thickness of 0.5 mm and a width of respectively 1.5 mmand 6 mm.

To model the geometry, it is smple to use a regular mesh, which is straightforward to
generate. However, this would require a very long computer time for a given accuracy. The
preferred strategy is to use a fine meshing in deformed regions and a coarse mesh in regions,
which are less deformed. To check the accuracy of the obtained solution, calculations with
different mesh density are compared. The adequate element size is obtained when the solution
does not depend on the mesh size. Examples of meshing of PCCv without side-groove are
givenin Figure 3. Figure 4 shows an example of a mesh with side-groove. Table 1 shows the
size of the problem.



Mesh # elements # nodes
linear (8 nodes)  quadratic (20 nodes)
M1 121 218 758
M2 968 1310 4869
M3 3267 3988 15193
M4 7744 8963
M5 15125 16946

Table 1 Sze of the problem in term of number of elements and number of nodes.

Figure 4 Sde-grooved specimen loaded in 3-point bending. The radius of the side-groove
notch is 0.5 mm.

The used finite element code, SYSWORLD, is a standard commercia code developed by the
ESI group P]. The agorithm used for the matrix inversion uses an iterative method to
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decrease the size of the required RAM memory. The resolution of non-linear equation is
performed using the BFGS algorithm. The number of load increments is typicaly 50.

The machine used for this project is a SUN Ultra 1 model 170E equipped with a Creator 3D
graphic card. This machine has a single processor, which operates at 167 MHz. The initia
amount of RAM was 64 MB and was successively extended to 128 MB and 1024 MB. The
memory limits the size of the matrix that can be loaded. The disk space of 2 GB was aso
insufficient and two disks of 18.1 GB were added. The central process unit (CPU) time per
load increment is 2400 sec for the mesh M5 with 8 nodes element and 3600 sec for mesh M3
with 8 nodes element. The complete resolution takes more time as the CPU time is dways
lower than the elapsed time and the pre- and post-processing is not included.

3 Finite dement results

To ensure that results are independent of the mesh size, the load versus crack mouth opening
displacement (CMOD) is given in Figure 5. The initial crack mouth opening or gauge length
istaken equal to 5 mm. Figure 5 shows that results are not converged yet, from a global point
of view, for mesh M1D1, M2D1 and M1D2. It means that 4000 well-distributed nodes are
needed to converge independently of the element type (8-nodes or 20-nodes).

6000 -

5000 A

4000 A

3000 A

Load (N)

2000 -

1000 -

O g
o
o
(@31
o
[

0.15 0.2 0.25 0.3
CMOD (mm)

Figure 5 Effect of mesh size and element type on the overal behaviour. D1 and D2 relate to 8-
nodes and 20-nodes el ement respectively.

For PCCv specimens, ASTM E1921-97 gives different possibilities to evaluate the fracture
toughness from the load versus displacement record. The different possibilities are now
assessed and compared to the direct evaluation of the Jintegral.

The J-integral for a PCCv is evaluated as [1]:
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Ke
J= E +Jp ©)
where:

PS

= EEymw &) U
N
f(a, /W) = 3(a0/W)1/2 1.99- (a,/W)(1- a, /W)[2.15- 3.93(a, /W) +2.7(a,/ W)Z] ©
0

"~ 2(1+2a, /W) 1- a,/W)*?

where P is the load, S the span, @ the initial crack length, W the specimen width, B the
specimen thickness and By the specimen net thickness.

The standard method to evauate the plastic component of the Jintegral is based on the
measure of the load line displacement where extra displacements due to the elastic
compliance of the fixturing are subtracted (see ASTM E1921-97 86.5.1). The standard
proposes:

J=—2 with h=1.9 9)

where by is the initiad ligament length.
A, isthe plastic area under the load (P) versus displacement curve given by:
Ap=A-1/2CP (10)

where A is the area under the load versus displacement curve and G the reciprocal of the
initial elastic slope.

It should be mentioned that the elastic compliance of the fixture generally displays a non-
linear behaviour and hysteresis. These are mainly due to contact surfaces such as specimen-
punch, specimen-roller, roller-three point bend support. Therefore, ASTM E1921-97 allowsin
86.5.2 two alterternative methods based on the crack-mouth opening displacement. The first
method uses a h-factor developed for this position [7] and the second method uses a load-
point displacement inferred from the CMOD [10].

The h-factor calculated from 3-D finite element analysis by Nevalainen and Dodds [7] are
givenin Table 2. A tabulated h-factor is not very practical to be used in a standard. Therefore,
they refer to the work of Kirk and Dodds [11] where 2-D plane strain calculations were used
to establish a closed form of the h-factor:

Nevop = 3.785- 3.101(a, / W) +2.018(a, / W)? S=4W (11)

In both cases calculations were performed with S=4W. A generalisation of equation (11) is
proposed in [11] and applied to miniature specimen for which alarger span than 4W had to be
used. The generalised equation is:
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Neyop = %(3.785- 3.101(a, / W) + 2.018(a, / W)?) (12)

It should be noted that in both references [7] and [11], the elastic component of J is not
calculated as in equation (6) proposed by the ASTM, but as:

_ n2\K 2
J:%+Jp (13)

Considering the values in Table 2 as the reference, equation (L1) can lead to 10 % over-
estimation of the plastic part of the Jintegral for SG, aW=0.5 and 1/n=10.

aw w/B 1n hCMOD[7] hCMOD[ll]
0.1 4 5 3.59 3.495
0.1 4 10 3.45 3.495
0.1 4 20 3.43 3.495
0.1 2 5 3.66 3.495
0.1 2 10 3.53 3.495
0.1 2 (SG) 10 3.34 3.495
0.1 2 20 351 3.495
0.1 1 5 3.55 3.495
0.1 1 10 341 3.495
0.1 1 20 3.43 3.495
0.5 4 5 2.65 2.739
0.5 4 10 2.60 2.739
0.5 4 20 2.53 2.739
0.5 2 5 2.64 2.739
0.5 2 10 2.59 2.739
0.5 2 (SG) 10 2.48 2.739
0.5 2 20 2.57 2.739
0.5 1 5 2.70 2.739
0.5 1 10 2.67 2.739
0.5 1 20 2.66 2.739

Table 2 Tabulated values of the h-factor for the evaluation of J, from the plastic energy under
the load versus CMOD. SG refers to the side-grooved geometry.

The second aternative is to infer the load-point displacement from the CMOD. The inferred
load-point displacement is then used in equation (9). ASTM E1921-97 refers to the work of
Underwood et al. [10] where different expressions are discussed. The proposed equation
established for S=4W and for O £ a/W £ 1 is:

d _ 1
CMOD  1.384(a, /W) - 1.497(a, / W)? +2.339(a, / W)® - 1.226(a, / W)*

(14)

with d, the load point displacement.

As the load point displacement increases with the span for a given CMOD, a generalisation
for St 4W is proposed:



d__ S/(4W)
CMOD ~ 1.384(a,/W)- 1.497(a,/ W)? +2.339(a,/ W)® - 1.226(a,/ W)"

(15)

In most of the work performed at SCK- CEN before 1999, the load line displacement is

inferred from the CMOD using a formula based on geometrical considerations and a plastic
rotational factor, rp [10].

d _ S/(4W)
CMOD 2

(16)
e e a
r,(L- aO/W)+(aO/W)coséﬁtan§ CMOD/2 Ry
8 rp(W-a0)+aoég

The plastic rotational factor, K, is taken equal to 0.44 for 0.45 = &/W = 0.55 [10, 16]. The
plastic rotational factor, I, is a useful concept that can also be used to measure the crack tip
opening displacement, CTOD, or to correct clip gauge displacements when razor blades are
used [16]. The accuracy of this equation is poor in the elastic regime but allows an accurate
determination of the plastic part, which is of interest to determine the plastic contribution of
the Jintegral.

It should be noted that for small and large deformation the previous equation reduces to:

d SI(4W)
CMOD a,/W+r,(1- a,/W)

(17)

For a PCCv specimen loaded up to 130 MPaOm the difference is negligible (about 0.02%).
Therefore equation (16) and (17) should be considered as strictly equivalent in the domain
investigated here.

The previous evauations of the Jintegral from the load versus displacement record can be
compared to a direct evaluation of the J-integral from the finite element calculations. For a 3-
D configuration, the loading of the specimen is measured through the average Jintegra aong
the crack front, which is defined as:

Sl
J _flelgé Q (Wn, - s, T,un;)dA, (18)

where X is the direction of crack propagation, L the crack length, Ae a tubular surface around
the crack front, W the energy density, n the external normal to Ae, S the stress tensor and u
the displacement vector.

The Jintegral as expressed in equation (18) cannot be directly and accurately evaluated from
the finite element results, as just ahead of the crack tip large stresses and strain gradients are
expected. Therefore, the J-integral is transformed into an equivalent domain integral (EDI) [8,
12]. In absence of thermal load, volumic forces and stresses or displacements applied to the
crack lips, the EDI reduces to:

=2 QWILg- 5, 5,uf v (19)
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where V is a tubular volume around the crack front, g any continuous function with a value of
one a the crack tip and zero at the external border of V. In this work, g is chosen equal to a
guadratic function of the radial coordinate with a slope of zero at the crack tip front and at the
external border of V [14].

From a theoretical point of view, the Jintegra obtained from the EDI method is independent
of the size of the tubular volume under different hypotheses [14]: small strain, proportional
loading with no partial unloading and existence of a potential function with a unique
relationship between stress and strain.

The path dependence of the J-integral is assessed in Figure 6. One can see that the J-integral
becomes path independent for a sufficiently large path-radius. The path independence is better
for low load and when a small strain model is used. In this work, the more redlistic finite
strain model is used and the Jintegral will be evauated with the EDI method using a
cylindrical volume with the largest radius (the radius is 5 mm for a PCCv with a/W=0.5).

120 T —o—finite strain
i —<—small strain
3 80
C i
o C
= 60 T P e—— —— % —%
8 L
=) I
Y 40+
C b2 = & —% =
20 +
oty
0 1 2 3 4 5

r (mm)

Figure 6 J-integral calculated using the EDI method with cylindrical vollume of different
radius. Figure obtained with mesh M4D1.

Taking the Jintegral calculated by the EDI method as the reference value, the different
methods are compared in Figure 7 and Figure 8 for respectively non side-grooved and side-
grooved PCCv geometry. The different methods are nicknamed:

LPD for equation (6) combined with equation (9)

CMOD for equation (6) combined with equation (12)

LPD1(CMOD) for eguation (6) combined with equations (9) and (15)
LPD2(CMOD) for equation (6) combined with equations (9) and (16)
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Figure 7 and Figure 8 show that all methods have an acceptable accuracy of 5% on K; except
when the LLD is inferred from the CMOD using the relation proposed by Underwood et al.
[10]. This 5% error on K; contributes to an error of 3 °C only on the reference temperature,
To.

20% ——LPD
18% —o— CMOD
S 16% —— LPD1(CMOD)
e —<— LPD2(CMOD)
2 14%
=5
= 12%
;‘/\
z 10%
W 8%
S %
]
g 4% AADOOOOTPPY
2%
00/0 1 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I
0 20 40 60 80 100 120 140
(Edrem) ﬂZ(M Padn)

Figure 7 Comparison of J obtained from the load versus displacement curves to the J-integral
calculated from finite element calculations for a non side-grooved PCCv geometry.

18% ——LPD
16% —-—CMOD
S 14% —— LPD1(CMOD)
i —=<— LPD2(CMOD)
= 12%
W
= 10%
;‘/\
z 8%
W 6%
S 4%
ap]
do2
0%
_2%|||||I||||I||||I||||I||||=||||=||||=
0 20 40 60 80 100 120 140
(E‘]FEM):UZ(M PaCm)

Figure 8 Comparison of J obtained from the load ver sus displacement curves to the J-integral
calculated from finite element calculations for a side-grooved PCCv geometry.



4 Discussion

In [7], a meshing with 7700 8-nodes elements and a total of 9300 nodes was used. This
meshing corresponds to M4 with 8-nodes el ements, which is demonstrated to give converging
results. In [7], about 60 seconds CPU-time is needed to solve a load increment on a Cray-90
supercomputer using a single vectorised processor. In our case, a time step was solved in
about 1188 seconds CPU time. The gain of a factor 20 in speed can be attributed to the
supercomputer and to the tuning of the code for a vectorised processor.

According to ASTM E1921-97, the relation between the stress intensity factor K and the J
integral is:

KZ
="+, (20)

However in most of the literature the plane strain Y oung modulus is used:

 M2\K 2
J:%+\]p (21)

The maximum difference between the two formulations is 5% on the stress intensity factor,
which results in about 3°C on the reference temperature.

From a theoretical point of view, the relation between the stress intensity factor K and the J-
integral exists only in the elastic domain. The more genera form is [12]:

1 1+n

which for mode | loading reduces to:

_K?
=k (23)
where the equivaent Y oung modulus E* is:
=gl _+ 1 g0 (24)
&l- n> 1+n g
with
e = _ Seo (25)
1- n(1+2s,)
e =— g s =3 (26)
ell + %2 S11 + S22

where stress and strain tensors are taken close to the crack tip in the local axis of the crack
front.
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Consequently:

E* =1 E > inplanestrain (27)

E*=E in plane stress (28)

In the elastic domain, the crack front of a PCCv specimen is in a plane strain configuration.
The Jintegral is thus related to the stress intensity factor through:

A
gz ke (29)
E

When plasticity develops a term should be added. This term should vanish when no plasticity
is observed. Therefore, the relation should have the following form:

_ n2\K 2
J:%.}.Jp (30)

It may be argued that when plasticity develops the crack tip condition can move from a plane
strain to plane stress condition. However, the stress intensity factor loses its significance when
plasticity develops. Equation (30) should only be seen as an empirical formulato obtain the J-
integral as defined by equation (18). For convenience an elastic-plastic equivalent stress
intensity factor K; can be defined such that it reduces to the stress intensity factor in elastic
conditions:

K, = (31)

In ASTM E1921-97, the experimental determination of K;is taken based onK ; = JEJ, which
allows a conservative estimate of the fracture toughness.

The result of our investigation is compared to literature in Table 3. In accordance with [7],
hi .o and hcmop are obtained by the dlope of the linear fit imposing that an intercept equal 0
as illustrated in Figure 9. The maximum difference with the result of Nevalainen and Dodds
[7] and Koppenhoefer and Dodds [15] is 6%. This difference should be considered as small as
a 6% error on the Jintegral corresponds to 3% on K; and to 2 °C in terms of reference
temperature To.
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this work [7] [15] ASTM E1921-97

not SG 2.641 n.a n.a 2.6625
f@w) SG 20% 2778 na na 2.6625
not SG 1.816 1.86 1.9 1.9
hio SG 20% 1.899 1.74* 2 1.9
h not SG 2.504 2.67 27 2.738
CMOD SG 20% 2.504 2.48" 2.88* 2.738

Table 3 Comparison of the parameters used to calculate the stress intensity factor K and the
J-integral. Calculation are done with a PCCv specimen with a/W=5, n=0.1 and E/s ys=500.
*Calculations were performed with W/B=2. No calculations were availablein [ 7] with
W/B=1. ¥It was supposed that the value in [ 15] was not scaled by By.

70 T

o D
(@] (@)
! !

N
o
1

Jp| (kJ/mz)

0 5 10 15 20 25 30 35
U, /bBy (kI/m?)

Figure 9 h p and hcuop are obtained by the slope of the linear fit imposing the inter cept
equal 0.

Asshown in Figure 7 and Figure 8, and contrary to equation (16) the relation to infer the LLD
from the CMOD proposed by Underwood et al. [10] is inadequate to calculate the J integral.
The reason for this discrepancy is discussed hereafter.

In the elastic regime, the LLD is obtained from the ratio between the load line compliance and
the crack opening compliance [10]. An analytical relationship is proposed in [10] and
generalised for S different than 4W.

SI(AW)

LLD, =
g,(a/W)

CMOD, (32)

with
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g,(a/ W) =1.718(a/ W) - 1.302(a/ W)? +1.039(a/ W)* - 0.452(a/W)*  (33)

In the plastic regime a similar equation is obtained:

LLD =MCMOD ) (34)
" g,(a/W) P
with
g,(a/W)=r, +(1- r))(@/ W) (35)

A genera expression can be obtained by combining the previous equation:

_ SIAW) iop. 4 SIAW)

LLD R SALLE
09,(a/ W) 9,(a/W)

(36)

pl.

An error on g will not affect the calculation of the plastic part of J. Therefore, taking g equal
¢ asin equation (17) is a good strategy.

It should be noted that g can simply be obtained from the h-factor:

h
g, (a/W) = —==— 37)

CMOD,S=4W

The comparison of the g and @ functionsis given in Table4 and Table 5. For the elastic part
of g, the finite element calculations are in good agreement with the analytical formulation.
For the plastic part @, all equations are within 5% except equation (15) which is clearly too
small. The reason for this large discrepancy is attributed to the limit of applicability in which
the equation was established. Although not clearly states, the equation only applies to high-
strength steels where limited plasticity develop. The reason for this limited application range
is now further investigated. In the paper of Underwood et a. [10], the LLD is split in a part
due to the crack and a part due to elastic bending (no crack).

P g

LD e = 537w

(38)

The elastic part due to bending is then expressed in terms of the CMOD through the
compliance.

CMOD &
CenopEB 4W?

LLD . = (39)

where Ccevop isthe CMOD compliance.

For an elastic plastic material, thisis of course an error as the elastic part due to bending can
only be a function of the elastic part of the CMOD. In fact, in this step there is the underlying
hypothesis that the materia is a high strength steel with limited platicity.
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It should be noted that the g and @ coefficients obtained in this work lead to a relative error
on the LLD lower than 0.6%.

this work eg. (33)
not SG 0.620 0.635
% SG 20% 0.627 0.635

Table 4 Comparison of g for a PCCv specimen with a/\W=5, n=0.1 and E/s ys=500.

this work [7] [15] eq. (17) eq. (15 eq.(9) and (12)
not SG 0.725 0.697 0.704 0.72 0.534 0.694
SG 20% 0.732 0.702"  0.694 0.72 0.534 0.694

Table 5 Comparison of g, for a PCCv specimen with a/W=5, n=0.1 and E/s ys=500.
*Calculations were performed with W/B=2. No calculation were available with W/B=1.

CONCLUSIONS

Three-dimensiona finite element calculations performed on side-grooved and non side-
grooved PCCv specimens for aW=0.5 are presented in the present report.

The main deliverables of thisinvestigation are:

Three-dimensional calculations are time consuming and require efficient hardware and
software.

When an adequate mesh is used, at least 4000 nodes are required to be mesh-size
independent.

Although it can be improved, the different formulations proposed in the ASTM E1921-97
to calculate the Jintegral are sufficiently accurate for its application. The maximum error
on the reference temperature is 3 °C.

Although the difference is small, it is demonstrated that the plane strain Y oung modulus
should be used instead of the plane stress Y oung modulus.

The formulation of Underwood et a. [LO], Equation (15), to infer the LLD from the
CMOD should only be used for high strength steel materia for which plastic deformation
is very limited.

The results are in good agreement with finite element calculations performed by
Nevalainen and Dodds [7] and Koppenhoefer and Dodds [15].

In further work the comparison with the one-inch thickness compact tension specimen will be
performed in order to investigate the size effect and the loss of constraint.
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