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Abstract. This paperdealswith the formulation and developmenbdf designcriteria—on the basis of
fracturemechanicgrinciples—for high-strengthstructuralmemberscontaining surfacedamagein the
form of notcheq(i.e., blunt defects)In addition, the importantrole of the yield strengthof the material
andits strain hardeningcapacity(evaluatedoy meansof the constitutive law or stress-straircurve) is
analysedn depthby consideringthe fracture peformanceof notchedsamplestakenfrom high-strength
steelswith differentlevelsof cold drawing (the mostheavily drawnsteelbeing commercialprestressing
steelusedin prestressedoncrete) Thefinal aim of the paperis to establishfracture-basediesgn criteria
for structuralmembersnadeof steelswith distinctyield strengthand containingvery differentkinds of
notch-shapsurfacedamage.

Resumen.Estearticuloversasobrela formulaciény desarrollode criterios dedisefio—sobrela basede
principios de Mecanicade Fractura—paramiembrosestructuralesle alta resistenciaconteniendodafio
superficialen forma de entallas(es decir, defectosgeométricosredondeados)Ademas, el importante
papeldel limite elasticodel materialy su capacidadde endurecimient@or deformacién(evaluadapor
medio de la ley constitutivao curvatensién-deformaciéngs analizadcen profundidadconsiderandcl
comportamienteen fracturade muestrasentalladasie acerode alta resistenciacon diferentesiveles de
endurecimientpor deformacion(siendoel aceromas fuertementerefilado acerode pretensadaomercial
utilizado enhormigénpretensadokl objetivofinal es el establecimientale criterios de disefiobasados
en Mecanicade Fracturaparamiembrosestructurées hechosde acerocon distinto limite elasticoy

considerandmuy diferenteslasesle dafiosuperficialenformade entalla.

1. INTRODUCTION

The study of high-strength prestressingsteels has
speciaimportancen civil engineeringstructuresvhee
prestressedoncreteis widely used. These steels are
manufacturedfrom a previously hot rolled bar with
pearlitic microstructurenhich is heavily cold drawn in
severalpassedo producethe commercialprestressing
steelwire with increasedyield strengh obtainedby a
strain-hardeningnechanismThenthe final commercial
producthasundergonestrong plastic deformationsable
to modify its microstructure. Thus, although cold
drawingimprovesthe (traditional)mechanicalproperties
of the steel (i.e., those propertiesuseful for regular
service)the microstructurathangesiuring manufacture
may affect the fracture performanceof the material,
speciallyin the presenceof stressraiserslike cracksor
notcheq1-4]. In addition, notch-like defects(i.e., with
root radius different from zero) are very frequentin
structuralcomponentg1] dueto the particularworking
conditions (e.g. anchoragedor prestressectoncrete).
They generatea triaxial stress distribution near the

notch (cf. cracked ones), which dlows a detailed
analysisof the influenceof stressstateandtriaxiality on
ductile failure [5,6] and microscopic mechanismsof
fracture[7,8].

Thefinal aim of this papeiis the analysisof the fracture

processn high strengthpearlitic steelgovernedby two

key variablesthe stresstriaxiality in thevicinity of the

notchtip (producedby notchesof very differentdepths
and radii) and the yield strength of the material
(controlled by the degreeof cold drawing achieved
during the manufacturingprocess to make prestressing
steelfor civil engineering).

2. EXPERIMENTAL PROGRAMME

Samples from a real manufacturing process were
supplied by EMESA TREFILERIA. The manufacture
chain was stoppedin the courseof the process,and
samplef five intermediatestageswereextractedapart
from the original material or baseproduct (hot rolled
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bar: not cold drawnat all) and the final commercial
product (prestressingsteel wire: heavily cold drawn).
Thusthe drawingintensity(straininglevel)is treatedas
the fundamentalariableto elucidatethe consequences
of manufacturingn the posteriorfracturebehaviour.

The different steelswere namedwith  digits 0 to 6

which indicate the number of cold drawing steps
undergoneTable 1 shows the chemical composition
commonto all steels,andTable2 includesthe diameter
(D1), the cold drawingdegree(Di/Dy), the yield strength
(002), the ultimate tensile stress(UTS) andthe fracture
toughnesgKc) of the steels.

Table 1 — Chemicalcompositionof the steels

C Mn | Si P S Cr vV Al

0.80 | 0.69 ] 0.23 | 0.012] 0.009| 0.265| 0.060] 0.004

Table 2 — Diameter(D;), cold drawingdegree(Di/Do),
yield strength(oo2), ultimate tensile stress(UTS) and
fracturetoughnesgKc) of the differentsteelwires.

Steel 0 1 2 3 4 5 6
Dj (mm) 12.00f 10.80] 9.75 | 8.90 | 8.15 | 7.50 | 7.00
Dj/Dg 1 0.90 |0.81 |0.74 | 0.68 | 0.62 | 0.58

0p2 (GPa) | 0.686| 1.100| 1.157] 1.212] 1.239] 1.271] 1.506

UTS GPa)| 1.175] 1.294] 1.347] 1.509] 1.521] 1.526| 1.762

Kic 60.1 |61.2 | 70.0 | 74.4 | 110.1| 106.5| 107.9
(MPant’3)

The stress-stia curves of the seven steels with
increasingdegreeof cold drawing appearin Fig. 1,
where a clear improvementof traditional mechanical
propertiesis achievedafter manufacturing,due to a
strainhardeningnechanisnactivatedn the steels.
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Fig. 1 — Stress-straircurvesof the differentsteelsused
in the experimentaprogramme.
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Tensilefracture tests were performedon axisymmetric
notched specimenswith a circumferentially-shaped
notch. Four notch geometrieswere used with each
material,in orderto achievevery differentstressstates
in the vicinity of the notch tip and thus very distinct
constraint situations,thus allowing an analysisof the
influenceof suchfactorson the fracture processesThe
dimensionsof the specimens—namedA, B, C andD
throughoutthis paper—werethe following:

* GeometnyA : R/D = 0.03,A/D = 0.10
* GeometnB : R/D = 0.05,A/D = 0.30
« GeometnC : R/D = 0.40,A/D = 0.10
« GeometnD : R/D = 0.40,A/D = 0.30

whereR is the notchradius, A the notch depthand D
the external diameter of the specimen. These four
notchedgeometriesredepictedn Fig. 2.
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Fig. 2 — Notchedgeometriesisedin the experiments.

Threefracturetestswereperformedfor eachmaterialand
geometry (thus a total number of 84 tests were
performedsevenmaterials four notchedyeometriesand
three tests of each) under displacementcontrol and
recording continuously the load and the relative
displacemenbetweentwo points distant 25 mm (the
gagelengthof the extensometer).

3. EXPERIMENTAL RESULTS

Theexperimentatesultsof the tests performedwith the
four notchedsamplesof slightly drawnsteels(from O to

3) aregivenin Figs. 3, 4, 5 and6 in the form of load

vs. displacementor the representativéestof eachgroup
of three(that displaying the intermediatecurve).In the
test name, the first digit indicatesthe steel, and the
secondrepresentshe notch geometryof the specimen.
No significant differencesbetweenthe analysedsteels
are observedin the matter of the shapeof the F-u

curves.Such a shapeis dependenbnly of the notch
geometry,i.e., of the stresstriaxiality (or constrain),

whereasthe size of the curves(maximum load level)
doesdependn the steelin particular.
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. 5 — Load-displacemerturves(sampleC).
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. 6 — Load-displacemerturves(sampleD).

GeometrieA andB (sharplynotch specimenspresent
a macroscopicallybrittle fracture behavior with no

decreasén load, while in geometrielC andD (bluntly

notched specimens)}he fracture behavior is ductile,

associatedvith acleardecreasén loadin the F-u curves
(morepronouncedh sampleD with lower constraint).

4. NUMERICAL MODELLING

In a fracture teg the macroscopicexternal variables
(force, displacement...) can be measuredand the
microscopic modes of fracture observedby scanning
electron microscopy. To find the distribution of
macroscopic internal variables in the continuum
mechanicsensgstress,strain, strain energydensity...)
atanytime, and particularlyat the momentof fracture,
thefinite elemenimethod (FEM) with an elastic-plastic
codewasapplied,usingaVon Misesyield surface.

Theexternaload wasappliedstephby step,in the form

of nodal displacementsAn improved NewtonRaphson
method was adopted, which modified the tangent
stiffness matrix at eachstep. Large strains and large
geometrychangeswvere used in the computationsby

meansof an updatedlagrangianformulation, so as to

predict the evolution of mechanicalvariablesin the
samplesafterthe instantof maximumload (i.e, afterthe
point of instability under load control), up to the
instantof final failureby physical separatiorof the two

fracture surfaces(i.e., up to the point of instability

underdisplacementontrol).

The constitutive equation of the material —as a
relationshipbetweenequivalentstressand strain—was
introducedinto the computer program from the real
experimentatesultsof the standardensiontestsin the
consideredmaterials (see Fig. 1). The curves were
extendedor large strainson the basis of the volume
conservationn classicalPlasticity and accountingfor
the strainhardeningvolutionto obtainsteel6 from the
previousmaterialgsteé¢s 0 to 5).

The finite elementsused in the computationswere
isoparametriavith second-orderinterpolation (eight -
nodequadrilateralsindsix-nodetriangles).The problem
presentslouble symmetry,so asonly a quarterof the
samplehasto be analysedand the displacementsvere
fixed along the axes of symmetry (boundary
conditions).

Fig. 7 offers a comparisonof the load-displacement
curvesreally obtainedin the fracture experimentsand
thosenumericallypredictedoy using the finite element
method. Results for all geometriegA, B, C, D) are
plotted.It is seenthat the agreementanbe considered
as excellentin all cases,which indicates that the
numericalmodelling is accurateenoughto predictthe
evolution of internal (continuum mechanicsvariables)
in the specimensup to the final fracture moment of
instability under displacementcontrol, the numerical
predictionof the load decreasgart of the curve being
alsoverygood.



ANALESDE MECANICA DE LA FRACTURA

100
z
=3
LL
Sample 0A
EXP.
A NUM.
1 1
0.6 0.8 1
u (mm)
35
30 |
AA
25 |-
= 2 |
=3
w5 Sample 0B
10 EXP.
A NUM.
5
0 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5
u (mm)
100
Abanjap
80 |-
A
~ 60 |
pd
=3
LL
40 1 Sample 0C
EXP.
20 A NUM.
0 1 1 1 1
0 0.4 0.8 1.2 1.6 2
u (mm)
25
20 |- Pg“' R
~ 15 |
pd
=3
L 10
Sample 0D
EXP.
5 s NUM.
0 1 1 1 1
0 0.2 0.4 0.6 0.8 1

u (mm)

Fig. 7 — Experimentalresults (EXP) and numerical
predictiong(NUM) for steelO.
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5. FAILURE ANALYSIS

The numerical finite element method allows the
computation of internal variables(in the continuum
mechanicsenseat any instant,and particularlyat the
momentof failure.

Theanalysed/ariablesverethe following:

* The hydrostatic stress, or mean normal stress,
definedasonethird of the traceof the stresgensor.

e Theeffectiveor equivalenstressdefined in the Von
Mises sense of the mathematical theory of
plasticity.

¢ The stresstriaxiality, defined as the ratio of the
hydrostaticstresgto the equivalentstress.

¢ The axial stress,i.e., the componentof the stress
tensorwhichis parallelto the main loadingaxis.

e The equivalent plastic strain as a measure of
accumulatednechanicatlamageén the sampls.

e The strain energydensity, togetherwith its elastic
and plastic componentsas well as the dilatational
andthedistortionalones.

Fig. 8 shows the distributions of hydrostatic and
equivalentstressesaswell as triaxiality at the failure
situation (instability point under displacementontrol)
for steelO (hot rolled materialwhichis not cold drawn).

The hydrostaticstressreachesits maximum at certain
distancerom the noth tip in geometrie®\ andB (those
of minimumnotchradius),and at the specimenaxis in
geometrieC andD (thoseof maximum notch radius).
In the lattercaseof notchedspecimen€ andD thereis
a displacemenbf such a maximum hydrostaticstress
point form the vicinity of the notch tip (at the early
stepsof theloadingprocess)o the axis of the specimen
at the latter stepsof the loading processjncluding the
load decreasgpart of the load-displacementurve after
the instability point under load control (point of
maximum). This numericalresult could have a crucial
influencein environmentallyassistedracture processes
in hydrogen embrittlement conditions, because
hydrogenis driven by the hydrostatic stress field
towardsthe locationsof maximumvalue[9].

Theequivalentstressn theVon Misessensereachedts
maximum value at the notchtip in geometriesA y B
(lower notch radius) and it follows a quasi-constant
radialdistributionin geometriesC and D (highernotch
radius). In the former casethereis a suddendecrease
afterthe maximum as the distancex (from the notch
tip) increases.

In the matterof triaxiality, the conclusionsare similar
to thosedrawnfor the hydrostaticstressin geometries
A, C andD. The only exceptionis the distribution of
triaxiality in geometryB (thatwith the highestlevels of
constraint)in which, althoughthe hydrostaticstressis
maximum nearthe notchtip, the triaxiality reachesits
maximumat a deepeipoint nearerto the specimeraxis,
it beingexactlylocatedat thataxisin the steel6.
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Fig. 8- Distributions of hydrostatic stress (a),
equivalentstressegb) and stresstriaxiality (c) at the
final failure situation or instability point under
displacementcontrol for steel O (hot rolled material
whichis not cold drawn)and notchedgeometriesA, B,

C and D. In the horizontal axis the coordinate x

representshe radial distancemeasuredrom the notch
tip (thusx = 0O is thetip itself andthe specimeraxis is

locatedat theright handside).
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Fig. 9 — Distributions of axial stress(a), equivalent
plastic strain (b) and total strain energydensity (c) at
the final failure situation or instability point under
displacementontrol for steel 3 (with an intermediate
degreeof cold drawing)and notchedgeometriesA, B,
C and D. In the horizantal axis the coordinate x
representshe radial distancemeasuredrom the notch
tip (thusx = 0O is thetip itself andthe specimeraxis is
locatedat theright handside).



ANALESDE MECANICA DE LA FRACTURA

Fig. 9 plotsthe distributionsof axial stress,equivalent
plasticstrainandtotal strainenergydensity (SED). The
first representthe componenbf the stresstensorin the
loading direction and could influence purely brittle

fracture processes;the second is a measure of

mechanicapre-damagén the samplesand the third has
a clea energeticmeaning which could influence the
fractureprocess.

In geometriesA and B (those of minimum notch
radius)the maximaareachievedin the vicinity of the
notch tip (axial stress)and exactly at the notch tip
(equivalenplasticstrainandstran energydensity).

GeometryC exhibits the maximum axial stressat the
specimenraxis and the maxima of both the equivalent
plastic strain and the strain energy density near the
notchtip.

In geometry D the three maxima of axial stress,
equivalentplasic strain and strain energydensity are
achievedjust at the specimenaxis, the slope of the
distributionbeinghigherin the caseof the axial stress.

6. FORMULATION OF A FAILURE CRITERION

The formulation of the failure criterion for the notched
specimen®f high strengthpearliticsteelswith different
degreesof cold drawing is basedon the question
whetheror not thereis a governing variable (in the
senseof continuummechanicshich reaches critical
valueat the fractureinitiation point (spacelocalisation)
andat the failureinstant(time localisation),that critical
value being independenbf the specimengeometryand
thus dependenbnly of the material(that is, a material
characteristivalue):

Thenthe failure criterioncould be formulatedin general
termsasfollows:

Failure will take place when the proper
governingvariable (in the continuummechanics
sense)eachesa critical value at the fracture
initiation point.

With regardto the spacdocalisation,the searchof the
initiation point is madeon the basisof a very detailed
fractographicanalysis(cf. [10]) after which it is seen
thatfailureinitiates at the notchtip in specimendA and
B (notchedgeometrief minimum radius) and at the
sampleaxisin specimen<C andD (notchedgeametries
of maximumradius).

In the matterof time localisation, the failure situation
consideredh this papelis that associatedvith the final
fractureby physicalseparatiorof the fracture surfaces,
i.e.,the point of instability underdisplacementaontrol
in the load-displacememilots. In the caseof geometries
A and B, such a point coincideswith the point of
instability underload control, sincein thosespecimens
thereis no load decreasén theload-displacemerglots.
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Now the objectiveis to find the governingvariable at

the failure situation. To this end, the distributions of

internal variables(in the continuum mechanicssense)
plottedin Figs.8 and9 should be analysedo find out

which of themreaches characteristivalue at the notch
tip in geometriesA andB and at the specimeraxis in

geometrie andD. Theonly candidatds the effective
or equivalentstressn the Von Misessense.

To checkthe realadequacyof this equivalentstressas
theinternalvariablegoverningthe failure situation with
independencef the notch geometry,Fig. 10 shows a
plot representingucha stressin samplesA, B, C and
D versusthe degreeof cold drawing(numberof drawing
stepsundergondy eachsteel).
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Fig. 10 — Effective or equivalentstressat the failure
situationin notchedsamplesA, B, C and D of steels
with variabledegreeof cold drawing (representedn the
horizontal axis by the numberof cold drawing steps
undergondy eachsteel).

It is seen thet the equivalent stress reaches a
characteristiovaluein eachsteepwith independencef
the notch geometryand thus the failure processis
governedby such a variable with physical meaning,
sinceit is one-to-oneelatedto the distortional part of
the strainenergydensity.

Finally the failure criterion may be formulated in
specifictermsasfollows:

Failure will take place when the distortional
part of the strain energy density (or,
accordingly, the effectiveor equivalentstressin
the Von Misessenseyeachesa critical valueat
thefractureinitiation point.

wherethe fracture initiation point is the notch tip in
those geometriesof minimum tip radius and the
specimenaxis in those geometriesof maximum tip
radius.Thechoiceof a single point to apply the failure
criterion is equivalent to the assumption of a
characteristicdistance(relatedto the microstructureof
the material) very small: of the orderof one or two
timesthe sizeof oneof the characteristienicrostructural
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levels: the pearlite colony size or the pearlitic
interlamellarspacing.Thosesizesvary as a function of
the degreeof cold drawing, the pearlite colony size
ranging between5 and 15 pm and the pearlitic
interlamellarspacing ranging between0.03 and 0.06
pum, afterthe measurememerformedpreviously[11].

7. CONCLUSIONS

A failure analysisof high-strengthstructuralmembers
containing notch-shapedefects with very different
geometriegvery distinct notch depthsand radii) was
presentedin this paper, on the basis of a broad
experimentalprogram of fracture tests on notched
specimengndposteriomumericalanalysisby the finite

elementmethod.

From the experimentalview point, it was seenthat
specimendA andB (thoseof minimum notch radius)
fail in a brittle mannerwith no load decreasein the
load-displacemerturve.On the otherhand, specimens
C and D (thoseof maximum notch radius)fail in a
ductile manner associatedwith load-decreasen the
load-displacemerdurve.

The numerical results show that the main internal
variablegeachtheir maximumvaluesat the notchtip or
in its vicinity in the caseof specimensA andB and at
the sampleaxis in the caseof specimensC and D,
whichis consistentwith the previousconclusionabout
the brittle behaviourof the former and the ductile
behaviouof the latter.

A failure criterion was formulatedfor notchedsamples
of high-strengthpearlitic steelwith differentdegreesof
cold drawing: failure will take place when the
distortional part of the strain energy density (or,
accordingly,the effective or equivalent stressin the
von Mises sense)eachesa critical value at a small
regioncharacteristiof the materialmicrostructure.
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