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Abstract

When the structural integrity of notched componeéstanalysed, it is generally assumed that notches
behave as cracks, something which generally previmesrconservative results. The proposal of this
paper consists, on the one hand, in the applicafidime Theory of Critical Distances for the estiiba of

the notch fracture toughness and, therefore, ®ictnversion of the notched situation into an esjeivt
cracked situation in which the material develogsgher fracture resistance. On the other hand, tree
notch fracture toughness has been defined, thesamsat is performed using the Failure Assessment
Diagram methodology, and assuming that the notdaciefon the limit load is negligible. The
methodology has been applied to 336 CT notcheduiracspecimens made of two different structural
steels, covering temperatures from the correspgndbmver shelf up to the upper shelf, providing
satisfactory results and a noticeable reductiahénoverconservatism derived from the analyseshiciw

the notch effect is not considered.

1. INTRODUTION: NOTCH EFFECT, THE THEORY OF CRITICAL D ISTANCES AND
FAILURE ASSESSMENT DIAGRAMS

There are many situations where the defects reggen®r structural failure are not sharp. Actually
notched components develop a fracture resistanat ith greater than that developed by cracked
components (e.g., [1-7]) and this, generally, isealy related to the load-bearing capacity of the
component. Hence, the development of an adequateodaogy for the assessment of the notch effect
would reduce the conservatism in many practicabsibns.

There are two main failure criteria in notch thedhe global fracture criterion and local fractaréeria
[2, 3]. The global criterion establishes that fedlwccurs when the notch stress intensity factachres a
critical value, K%
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This approach is totally analogous to that usectaicks, but its application is very limited becaof¢he

lack of analytical solutions for K(as there are for [K or/and standardized procedures for the
experimental definition of K.

Local criteria are based on the stress field omtiieh tip. Among them, the Point Method (PM), Liree
Method (LM) and the Finite Fracture Mechanics stanotl[8], all of them being different versions bgt
Theory of Critical Distances (TCD) and, then, usingharacteristic material length parameter (theat
distance, L) when performing fracture assessméits [
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K. is the material fracture toughness ands a characteristic material strength parameter fhtherent

strength) that must be calibrated. Only in thoséenms with linear-elastic behaviour at both thacno
and the micro scales (e.g., ceramics), dgeincide with the ultimate tensile strength)([8].

The notch analysis following these methodologiesrdakatively simple. For example, the PM [9]
establishes that fracture occurs when the stresshes the inherent strengisp)(at a distance from the
defect tip equal to L/2:
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For its part, the LM [10] assumes that fractureunsonvhen the average stress along a distance agual
2L (starting from the defect tip), reaches the ieheé strengthey:
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The basics of the FFM, a little more complex andelolaon the Griffith theory [11], can be found in [8
12]

When fracture toughness is determined by usingheatspecimens, and the equations provided by the
standards (e.g., [13]) for the definition of theten&l fracture toughness are applied, the cormeding
measured fracture resistance may be noticeablyehitjian the fracture toughness (e.g,) #btained in
normalised cracked specimens, given that, as m&diabove, the load-bearing capacity of the notched
material is higher than that developed by the samaterial when it is cracked. This fracture resiséan
developed by the material in notched conditiorgeiserally referred to as the apparent fracturettnaegs

or notch fracture toughness\&

The different methodologies belonging to the TC e applied to the analysis of the load-bearing
capacity of components containing notches. Moreavese methodologies may generate predictions of
the notch fracture toughness™gkexhibited by components containing U-shaped restdti4]. If the PM

is used, it is necessary to consider the stre¢shdiSon on the notch tip provided by Creager d&atis
[15], which is equal to that ahead of the crackbtip displaced a distance equapid along the x-axis:

_K, 2r+p)
o(r)= (a2 )" (5)

In [7], the Creager-Paris distribution and FE resuhre compared, providing reasonably similar
predictions of the stress field on the notch tipn€idering both the condition defining the PM (etpra
(3)) and the definition of the critical distance(équation (2)), and establishing that failure tagkse
when K is equal to R, equation (6) may be easily obtained [8]:

(1+p)3/2
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Analogously, the application of the LM provides atian (7):

KN =K, |1+ P (7)
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Further details on the TCD, its different propodalsnotch effect analysis, and the comparison betw
the corresponding predictions, can be found ifiteeture (e.g., [8, 16]).

Finally, Failure Assessment Diagrams (FADs) couastitone of the main engineering tools for the
assessment of fracture-plastic collapse processesacked components (e.g., [17-21]). These diagram
present a simultaneous assessment of both fra@nde plastic collapse processes by using two
normalised parameters, i L,, whose expressions are:

K =Ko ®)
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P being the applied load; Being the limit load, Kbeing the stress intensity factor, andtke material
fracture resistance measured by the stress inyeffiaittor. Therefore, L evaluates the structural
component situation against plastic collapse, apndvéluates the component against fracture. Once the
component assessment point is defined through dleedmates (KL,), it is necessary to define the
component limiting conditions (i.e., those leaditg final failure). With this purpose, the Failure
Assessment Line (FAL) is defined, so that if theemsment point is located between the FAL and the
coordinate axes, the component is considered tmber safe conditions, whereas if the assessmantt po
is located above the FAL, the component is coneilléo be under unsafe conditions. The critical
situation (failure) is that in which the assessnpmitt lies exactly on the FAL, whose general espi@n

is:

Kr = f(Lr) (10)

Figure 1 shows an example of this kind of assessmémere the crack-like assessment of the defacisle
to unsafe conditions (the assessment point isddcalbove the FAL).

2. COMBINING THE TCD AND FADs FOR THE STRUCTURAL INTEG RITY
ASSESSMENT OF NOTCHED COMPONENTS

The notch assessment methodology proposed hereirgsnthhe TDC with the FAD methodology [7],
through the introduction of a notch correction he tK parameter. Thus, the definition of the K
parameter in notch analysis would be:

If the LM is applied, the corresponding equatioriid be:

_K K, (12)
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Analogous expressions would be obtained when ugiegPM or the FFM corrections. In any case,
regardless of the expression being used f& this methodology proposes to convert a notcheignad
with K¢ as the fracture resistance into an equivalenasitn with a cracked material having a higher
fracture resistance, equal t6'§7].

In order to complete the FAD analysis it is necass$a define the Lparameter, which depends on the
limit load (equation (9)). Plastic collapse occtimough the yielding of the remanent section, sd th a
perfectly plastic material, it can be defined by thaterial yield stress and the defect dimensiwith, no
influence of the radius existing on the defect kip[22] the low influence of the notch radius & timit
load is demonstrated.

If this methodology is compared to the assessmémotches as if they were cracks (a conservative
practice, as mentioned above), equation (12) wpubdluce a reduction of the, ikarameter and, then, a
vertical displacement (downwards) of the assessp@nt, as shown in Figure 1. An analogous approach
would be obtained if the notch correction were gguplon the FAL expression (equation (10)), with
totally equivalent results [7].

There are other proposals for the notch corredétidPAD analysis. One of them is that proposed byrHo
and Sherry [23, 24]. This work has demonstrated emkwdependence of the R6 Option 3 failure
assessment curves on the notch radius [23]. Thebera state that this independence of the Option 3
failure assessment curve from the notch root radmss not contradict experimental observations of
increasing resistance to fracture with increasingcim radius, given that the benefit associated with
increasing notch radius is quantified by the insesia the notch fracture toughness.



The derivation of Kand L following this approach may be consulted in [28lhough these authors also
consider that the notch effect inik generally very low.

Meanwhile, Pluvinage [25] proposes combining theDFethodology with the global notch criterion.
Thus, the coordinate Kr is defined as:

g (13)

K, is obtained by using the volumetric method [25§ 44° is the fracture toughness measured from
notched specimens with the same radius as thetdsfary analysed [25] (the notch fracture toughness
This methodology does not consider any notch effett parameter.

Finally, Matvienko [26] develops specific FADs faptches, based on the cohesive zone model, local
fracture criterion and the notch tip stress distiitn proposed by Creager and Paris [15].

3. EXPERIMENTAL PROGRAMME AND RESULTS
3.1 Specimen description

The methodology proposed here for the assessmemtcties through Failure Assessment Diagrams has
been applied to two ferritic-pearlitic steels: S2R5and S355J2. In order to analyse the notch edfeng

the different zones of the material fracture bebawvi(lower shelf, ductile-to-brittle transition z&mand
upper shelf), an experimental program composed36fGT specimens has been performed. 180 of the
specimens correspond to steel S275JR, and 156sporré to steel S355J2. This difference is justifigd

the fact that in the latest case it was only pdegibperform tests at just one temperature (-19@Ain

the material lower shelf, as shown below. The CE&cspens used here guarantee high constraint
conditions due to the defect depth and the typeaxding (e.g., [6,21]), so the loss of constraimilgsed
here is basically restricted to that caused byntiteh effect. In any case, both possible sourcegssfof
constraint are independent, and different (analspaxpressions may be found in [6,24] for their
simultaneous analysis.

For each combination of material and test tempesapecimens containing six different types othot
radii were tested: 0 mm (crack-like defects), Qrirh, 0.25 mm, 0.50 mm, 1.0 mm and 2.0 mm, as shown
in Figure 2.

The reference temperature,, Which is the one corresponding to a median fractoughness K of 100
MPant’? obtained in 25 mm thick cracked specimens, wasiodd applying ASTM 1921-10 [27] and
following the multi-temperature option. The corresging reference temperatures were -26°C for steel
S275JR and -133°C for steel S355J2.

Once the reference temperatures were known, thiegeaemperatures at the lower shelf, the DBTZ and
the upper shelf were defined, as shown in Table 1.

Tables 2 and 3 gather the complete experimentajrano, with the material, the geometry, the testing
temperature and the load-bearing capacity (LBQ)Itesf every single tested CT specimen

3.2 Mechanical characterization

In order to obtain the tensile properties of th® tmaterials at the different temperatures, whiah ar
necessary to perform the FAD analysis, the two risdsewere tested at those temperatures shown in
Table 1 and also at room temperature (+20°C),\iallg ASTM E8/E8M-11 [28]. Tables 4 and 5 gather
the results. It can be observed how, in the twelsteeing analysed, the lower the temperaturehititeer

the yield stress, the ultimate tensile strengththiedYoung’s modulus (this effect is also accomgaiy

a reduction in ductility parameters). Also, botheds satisfy their specifications at room tempeeatu

3.3 Fracture resistance characterization



Concerning the fracture toughness of the two maltest the different temperatures being analydes, t
was obtained from the cracked specimens includéideiexperimental programme.

The values of Kwere obtained following ASTM 1820 [13] and, thenef, using the following equations:

(14)

where J is the J-integral at onset of cleavage fractures the Young’s modulus andis the Poisson’s
ratio [13]:

J, =3, +‘]p - (1—U2E)(Ke)2 +,;?)p s)
o

where J and J are, respectively, the elastic and plastic comptmef J, n is a dimensionless constant,
A, is the plastic area under the load-displacemenviecty, is the initial remaining ligament and. ks the
elastic stress intensity factor at instability [13]

2+2
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-2

w

The K; values for each material and temperature are gathie Table 6 for steel S275JR, and Table 7 for
steel S355J2. The results are provided for 50%0&/4d confidence levels.

Considering the results obtained in the experimgmtagram, K may represent the following parameters:

- Kj, which is the fracture toughness at fracture biitp prior to the onset of significant stable
tearing defect extension [13]. This measure is peteent of in-plane dimensions but may
depend on thickness.

- Ky which is the fracture toughness at fracture Iisitg after the onset of significant stable
tearing defect extension. This is the case ocaymwhen a relatively high temperature (upper
shelf) allows the defect to develop important antewi tearing before final fracture.

Although Ky and Ko depend (to a different extent) on the geometrthefspecimens, this geometry is
kept constant here, so for the purpose of the FA&yais this question is not an issue.

Analogously, equations (14) to (16) were appliedtlte experimental results obtained in notched
specimens, providing the corresponding values"af Which are graphically shown in figures 3 and 4.

3.4 Calibration of L

In order to apply equation (12), it is necessarydé&termine the value of L for each combination of
material and temperature. This can be done by aumtion of limited experimental results and finite
elements modelling or by fitting " experimental results through equations (6) andH#@&)e, the latest
option through equation (7) has been chosen, diverhigh number of experimental results. The fittin
process has been performed by using the Line Methatdsimilar results would be obtained in case of
using the Point Method (e.g., [8]). Moreover, tiea#l differences that may appear when applying the
Line Method or the Point Method have even minotuierfice in the final FAD analysis, given that the
critical distance (L) is squared in the notch cotigns applied to estimate the notch fracture toeghs.

Figures 3 and 4 show the notch fracture toughresdts of the 336 tests (as mentioned above, aitain
through the application of equations (14) to (18]], and the corresponding best fitting that pdesgi the
value of the critical distance, L. Table 8 summesithe results.



It can be observed how the obtained values of diféérent temperatures are not constant for a given
material, although they all have the same ordemafnitude at low temperatures. Also, for the two
materials, the value of L at the corresponding mmaxn testing temperature presents a much higheevalu
than those obtained at lower temperatures.

4. FAD ANALYSIS FOR NOTCHED SPECIMENS

This section shows the FAD analysis of the 336 @&cBnens included in the experimental program,
before and after the notch correction proposedigpgaper. The notch correction has been appliegjus
the value of the fracture toughness associated9%& confidence level, according to good enginegrin
practice. Expressions of FAD were taken from FITNEHS Procedure [17] (Option 1), whereasakd

P, solutions were taken from [21].

Here it should be noted that when the notch ratioeases, the specimen conditions vary from plain
strain conditions in cracked conditions up to pitiess conditions for these specimens with higdir.

When the notch fracture toughness associated tartecydar material, notch radius and temperature is
lower than the value provided by equation (17)ntliteis assumed that plain strains conditions are
dominant, and the correspondingdg®lution is given by equation (18) [8]:

So, when R values are lower than the limit established by
K[ plane- strainlimit |=o, (B /2.5)* (17)
P, = 1455;Bbo, (18)

where B is the thickness of the specimen, b isdéh@ining ligament, angl follows equation (19):

B (2a)2+4a+2 (2a+1>
= I\ b b

where a is the defect size.

(19)

On the other hand, when"Kvalues are higher than the limit established byaéiqn (20) [8], it is
considered that plane stress conditions are domitt@nR solution being that provided by equation (21)

K[ plane-stresonset|= o, (78)*° (20)
R = 1072/Bbo, 21)

For those situations located between the limitatdisthed by equations (17) and (20), thesBlution has
been obtained by interpolation of equations (18) @1).

4.1 Lower shelf

Figures 5 and 6 show the results obtained at teastymess corresponding to the lower shelf of the two
materials being analysed. It can be observed hevassessment points at failure are generally Iddate
from the FAL, providing overconservative resultsls@ once the notch correction is applied, the
assessment points approach to the FAL and, thexefoe results are much more close to the realigghys
It is interesting to observe how the assessmemttgpaifter the notch correction follow the shapehef
FAL.

Finally, in the three analysed situations, the migjof the results remain conservative (safe)haligh
with a significant reduction in the conservatisnhefie are just three specimens, one per combinafion



material and temperature, providing unsafe regotigresponding with assessment points at failuthimi
the theoretical safe area).

4.2. Ductile-to-brittle transition zone results

Figure 7 presents the results for steel S275J8anthe observed how the assessment points (atefiadti

the specimens when there are no notch correctiomdoaated, in many cases, far from the critical
condition defined by the FAL. This, again, mearet tine failure load predictions derived from thelFA
analysis would have been much lower than the aadneb (showing the conservatism of this type of
analysis). However, once the notch corrections lmen applied, the corresponding assessment points
are located much closer to the FAL, providing brgtredictions to the failure loads

On this occasion, all the results remain safe (exvagive) after the notch correction. Finally, @&ncbe
observed that the higher the temperature, the ltlngenotch effect of the notch correction in teiwhshe
proximity of the corrected assessment point toRAE.

Figure 8 shows the results for steel S355J2. Tmeflie of the notch correction are clear againhwit
noticeable reductions in conservatism. In this case of the results is unsafe. Finally, as obskiue
steel S275JR, the higher the temperature, the ldveeeffect of the notch correction.

4.3Upper shelf results

Figures 9 and 10 show the results obtained in gpeushelf. The conservatism of the results whenreth
is no notch correction is generally much lower thizet observed at lower temperatures, something tha
agrees with the smaller notch effect at high ptaspinditions.

The notch corrections are also less significant,dhill provide better approaches to the FAL. Thesin
significant corrections have been obtained in s&85J2 at -50°C. In all cases the results are safe

5. CONCLUSIONS

This paper presents a methodology for the assessmhestructural components containing notch-type
defects. The notch effect generates an increagheinoad-bearing capacity which, if not considered
(assessment of notches as crack-like defects) |eaaiyto overconservative results.

The methodology combines the use of Failure Assessiiagrams (FADs) with the Theory of Critical
Distances (TCD). The notch fracture toughness piexviby the TCD is obtained and subsequently
introduced in the Kparameter of the FAD assessment, which, aftercthigection, continues as in crack
assessments (the notch effect in the limit loabsimed to be negligible).

The methodology has been applied to 336 CT spearoétwo structural steels, covering temperatures
from the lower shelf up to the upper shelf, anduding the ductile-to-brittle transition zone. lhbeen
observed how the application of the proposed metlogy provides much better, and generally safer,
results than those obtained when the notch nasuneti considered. Also, it has been demonstrat th
for each material, the lower the temperature, tbeersignificant the notch correction.
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Figure 1. FAD analysis (initiation). The crack-type FAD ass®gnt leads to an unsafe situation; after the
application of the notch correction the situatisisafe.
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Figure 2. Schematic showing the geometry of the specimeneftsions in mmp. varying from 0 mm
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Figure 3. Experimental notch fracture toughness resultse IMethod (LM) fitting and derivation of the
corresponding critical distance. Steel S275JR12()°C; b) -90°C; c¢) -50°C; d) -30°C; e) -10°C;®@;
g) 70°C.
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Figure 4. Experimental notch fracture toughness resultsg litethod (LM) fitting and derivation of the
corresponding critical distance. Steel S355J219§°C; b) -150°C; c¢) -120°C; d) -100°C; e) -509C; f
20°C.
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Figure 5. FAD assessment of S275JR specimens at the low#r with (notch assessment) and without
(crack assessment) the consideration of the ndtebteFracture toughness of the material assatiate
with a 95% confidence level. a) -90°C; b) -120°C.
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Figure 6. FAD assessment of S355J2 specimens at the lowli(st86°C) with (notch assessment) and
without (crack assessment) the consideration ohttteh effect. Fracture toughness of the material
associated with a 95% confidence level.
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Figure 7. FAD assessment of S275JR specimens at the DBTZ(motich assessment) and without
(crack assessment) the consideration of the ndtebteFracture toughness of the material assatiate
with a 95% confidence level. a) -50°C; b) -30°C;1€)°C.
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Figure 8. FAD assessment of S355J2 specimens at the DBTZ(mdtich assessment) and without (crack
assessment) the consideration of the notch effeatture toughness of the material associatedawith
95% confidence level. a) -150°C; b) -120°C; c) 0
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Figure 9. FAD assessment of S275JR specimens at the updénsthe(notch assessment) and without
(crack assessment) the consideration of the ndtebteFracture toughness of the material assatiate
with a 95% confidence level. a) 40 °C; b) 70 °C.
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Figure 10.FAD assessment of S355J2 specimens at the upgéndhe(notch assessment) and without
(crack assessment) the consideration of the ndtebteFracture toughness of the material assatiate
with a 95% confidence level. a) -50 °C; b) -20 °C.



Tables

Table 1. Testing temperatures for structural steels S2&nRS355J2.

S275JR S355J2
Lower shelf -120°C, -90°C -196°C
DTBTZ -50°C, -30°C, -10°C -150°C, -120°C, -100°C
Upper shelf 40°C, 70°C -50°C, -20°C




Table 2. Description of specimens and experimental res8tesel S275JR.

Specimer Temperature p LBC Specimen Temperature p LBC
P (°C) | (mm) | (k) | P (°C) | (mm) | (kN)
2-1 23.3 2-49 24.0
2-2 0 35.2 2-50 0 38.2
2-3 28.0 2-51 34.6
2-4 - 2-52 34.9
2-5 43.4 2-53 59.9
2-6 44.6 2-54 58.5
2-7 0.15 54.9 2-55 0.15 65.2
2-8 54.1 2-56 64.2
2-9 56.3 2-57 57.0
2-10 34.9 2-58 58.0
2-11 025 55.8 2-59 025 57.4
2-12 -120 56.6 2-60 -50 53.6
2-13 (LS) 60.6 2-61 (DBTZ2) 61.5
2-14 57.5 2-62 61.1
2-15 0.50 55.9 2-63 0.50 69.8
2-16 62.5 2-64 69.2
2-17 66.5 2-65 59.5
2-18 63.2 2-66 66.3
2-19 1.0 64.0 2-67 1.0 63.5
2-20 63.6 2-68 72.5
2-21 62.1 2-69 80.8
2-22 79.5 2-70 80.3
2-23 2.0 71.9 2-71 2.0 79.8
2-24 65.8 2-72 78.9
2-25 29.8 2-73 37.1
2-26 0 34.6 2-74 0 33.6
2-27 33.8 2-75 38.5
2-28 37.6 2-76 36.0
2-29 57.0 2-77 63.1
2-30 52.9 2-78 65.4
2-31 0.15 57.7 2-79 0.15 64.1
2-32 56.5 2-80 62.1
2-33 57.0 2-81 63.6
2-34 55.6 2-82 63.4
2-35 025 58.7 2-83 025 61.6
2-36 -90 56.4 2-84 -30 59.2
2-37 (LS) 56.8 2-85 (DBTZ2) 66.9
2-38 62.4 2-86 69.3
2-39 0.50 58.4 2-87 0.50 70.3
2-40 62.0 2-88 67.3
2-41 71.1 2-89 73.2
2-42 65.2 2-90 72.9
2-43 1.0 71.0 2-91 1.0 70.0
2-44 71.0 2-92 73.7
2-45 57.9 2-93 79.1
2-46 76.0 2-94 76.3
2-47 2.0 82.5 2-95 2.0 77.9
2-48 85.1 2-96 78.9




Table 2.Description of specimens and experimental res8tesel S275JR (cont.).

Specimer Temperature p LBC Specimen Temperature p LBC
Q) (mm) | (kN) Q) (mm) | (kN)
2-97 43.0 2-139 0.15 64.7
2-98 39.3 2-140 ' 64.5
2-99 0 39.3 2-141 64.9
2-100 40.4 2-142 0.95 64.8
2-101 37.1 2-143 ' 60.6
2-102 39.2 2-144 64.8
2-103 63.0 2-145 65.6
2-104 65.8 2-146 0.50 66.9
2-105 0.15 66.4 2-147 +40 ' 67.3
2-106 ' 65.6 2-148 (Us) 63.6
2-107 64.4 2-149 71.9
2-108 64.6 2-150 10 71.5
2-109 66.1 2-151 ' 70.3
2-110 63.8 2-152 70.9
2-111 0.95 66.7 2-153 74.6
2-112 ' 68.3 2-154 20 73.3
2-113 10 68.6 2-155 ' 71.5
2-114 (DBTZ) 61.0 2-156 69.4
2-115 69.4 2-157 62.4
2-116 69.9 2-158 0 62.8
2-117 0.50 69.8 2-159 57.3
2-118 ' 68.6 2-160 59.0
2-119 70.5 2-161 63.8
2-120 70.6 2-162 0.15 62.9
2-121 - 2-163 ' 63.8
2-122 71.8 2-164 63.2
2-123 10 71.8 2-165 58.8
2-124 ' 73.9 2-166 0.95 63.5
2-125 73.8 2-167 ' 63.1
2-126 71.7 2-168 +70 62.5
2-127 74.8 2-169 (Us) 62.5
2-128 - 2-170 0.50 65.5
2-129 20 75.0 2-171 ' 65.9
2-130 ' 76.8 2-172 65.6
2-131 75.1 2-173 67.8
2-132 74.6 2-174 10 64.8
2-133 59.0 2-175 ' -
2-134 0 62.1 2-176 68.3
2-135 +40 65.2 2-177 70.1
2-136 (Us) 62.9 2-178 20 68.7
2-137 0.15 64.6 2-179 ' 67.4
2-138 ' 64.3 2-180 69.2




Table 3.Description of specimens and experimental res8tesel S355J2.

Specimer Temperature p LBC Specimen Temperature p LBC
Q) (mm) | (kN) Q) (mm) | (kN)
3-1 18.5 3-49 60.5
3-2 0 15.0 3-50 0 60.5
3-3 18.6 3-51 56.2
3-4 17.9 3-52 54.1
3-5 26.7 3-53 73.3
3-6 19.7 3-54 -
3-7 0.15 27.3 3-55 0.15 73.2
3-8 34.3 3-56 75.3
3-9 33.8 3-57 -
3-10 33.5 3-58 75.1
3-11 0.25 35.0 3-59 025 73.4
3-12 -196 33.6 3-60 -120 72.9
3-13 (LS) 47.9 3-61 (DBT2) 77.1
3-14 49.9 3-62 79.1
3-15 0.50 47.2 3-63 0.50 75.4
3-16 40.9 3-64 73.7
3-17 58.7 3-65 87.3
3-18 61.5 3-66 87.8
3-19 1.0 50.1 3-67 1.0 88.5
3-20 63.9 3-68 82.5
3-21 74.8 3-69 95.4
3-22 81.6 3-70 92.6
3-23 2.0 70.1 3-71 2.0 94.3
3-24 64.6 3-72 93.7
3-25 - 3-73 54.6
3-26 0 21.0 3-74 54.6
3-27 30.4 3-75 0 53.1
3-28 34.4 3-76 61.5
3-29 71.7 3-77 61.2
3-30 0.15 31.9 3-78 55.0
3-31 ' 62.5 3-79 70.6
3-32 58.5 3-80 74.5
3-33 65.4 3-81 0.15 72.8
3-34 0.95 78.3 3-82 ) 73.2
3-35 ' 60.2 3-83 73.3
3-36 -150 - 3-84 -100 71.8
3-37 (DBTZ) 81.0 3-85 (DBT2) 75.2
3-38 0.50 77.4 3-86 75.3
3-39 ' 78.7 3-87 0.95 74.1
3-40 76.7 3-88 ' 74.6
3-41 82.4 3-89 73.2
3-42 10 82.1 3-90 69.7
3-43 ' 89.8 3-91 71.7
3-44 82.4 3-92 77.8
3-45 97.0 3-93 79.5
3-46 20 - 3-94 0.50 73.3
3-47 ' 88.1 3-95 75.4
3-48 80.8 3-96 77.9




Table 3.Description of specimens and experimental res8tesel S355J2 (cont.).

Specimer Temperature p LBC Specimen Temperature p LBC
Q) (mm) | (kN) Q) (mm) | (kN)

3-97 87.7 3-127 10 84.0
3-98 84.9 3-128 ' 83.7
3-99 1.0 | 85.0 3-129 -50 87.6
3-100 84.3 3-130 (US) 20 87.9
3-101 100 85.9 3-131 ' 88.1
3-102 (DBTZ2) 85.0 3-132 88.7
3-103 93.3 3-133 65.2
3-104 93.4 3-134 0 61.3
3-105 20 94.1 3-135 67.7
3-106 ' 92.4 3-136 67.4
3-107 91.8 3-137 68.8
3-108 - 3-138 0.15 70.5
3-109 69.1 3-139 ' 71.6
3-110 0 69.9 3-140 71.4
3-111 58.9 3-141 72.8
3-112 60.0 3-142 0.25 72.3
3-113 68.9 3-143 ' 72.0
3-114 0.15 68.3 3-144 -20 71.8
3-115 ' 67.4 2-145 (Us) 77.5
3-116 69.5 3-146 0.50 76.6
3-117 -50 74.5 3-147 ' 75.9
3-118 (Us) 0.25 73.7 3-148 77.0
3-119 ' 74.2 3-149 81.5
3-120 73.8 3-150 10 81.8
3-121 77.1 3-151 ' 81.3
3-122 0.50 76.7 3-152 80.5
3-123 ' 77.3 3-153 84.9
3-124 78.2 3-154 20 85.8
3-125 10 82.6 3-155 ' 86.1
3-126 ' 83.3 3-156 84.9




Table 4. Tensile properties of steel S275JR

Material | Temperature (°C) | E (GPa) | 6, (MPa) | o, (MPa)
+70 203 331.7 492.7
+40 205 331.0 504.7
+20 207 328.4 518.5
-10 207 337.6 536.3
S275JR 30 208 | 3445 | 5486
-50 209 349.1 564.7
-90 211 380.2 597.3
-120 213 398.2 613.8




Table 5. Tensile properties of steel S355J2

Material | Temperature (°C) | E (GPa) | 6, (MPa) | o, (MPa)
+20 207 374.6 557.6
-20 208 385.3 587.7
-50 209 395.3 602.7
S355J2 -100 212 426.2 646.5
-120 212 459.8 671.6
-150 215 527.5 757.9
-196 218 853.5 922.9




Table 6.K; values for steel S275JR.

T K. K.(50%) | K.(95%)
am am am

(°C) | (MPam'?) | (MPam'%) | (MPam'?)
39.2

-120 60.4

) e 48.8 34.4
64.6

-90 605

o) o 62.7 60.3
62.7
61.3

.50 88.0

o1z 781 80.6 59.8
95.0
104.2

.30 80.8

o512 1001 100.7 79.0
117.7
1485
97.0

110 1058

BTz 124 122.8 90.2
1481
113.2
3541

(L“SO) ‘;gg'g 504.8 271.0
443.2
1040.0

(“JSO) 282'2 7711 4153
9243




Table 7.K; values for steel S355J2.

T K. K.(50%) | K.(95%)
°C) | (MPam*?) | (MPam'?) | (MPam?)

32.2

-196 27.3
(LS) 3t 31.3 27.4

32.1

-150 44.3
(DBT2) 533 60.6 40.3

74.1

169.5

-120 153.4
(DBT2) 1356 146.6 120.4

130.9

136.9

136.1

-100 126.8
(OBT2) [ 2166 157.5 107.7

170.5

158.0

491.1

-50 516.9
US) SEo 1 372.1 148.3

221.4

782.1

-20 609.1
US) £37 0 635.6 481.1

614.3




Table 8.L values for each material and temperature.

Temperature L
Steel °C) (mm)

-120 0.0137

-90 0.0062

-50 0.0049

S275JR -30 0.0061
-10 0.0083

40 0.1697

70 0.3421

-196 0.0291

-150 0.0084

-120 0.0168

S355J21 100 0.0140
-50 0.0778

-20 0.3156




