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Abstract. Steel wires are used as a bridge construction material and as pre-stressing strands or tendons in pre-stressed
structural units among other applications in civil engineering. To date, the estimation of the load carrying capacity of a
cracked wire has been based on purely experimental classical fracture mechanics work conducted with non-standardised
classical fracture mechanics specimens as standard test specimens could not be manufactured from the wire owing to their
size. In this work, experimental mechanical tests and finite element simulation with the phenomenological shear fracture
model has been conducted to investigate the effect of miniature cracks with dimensions less than or equal to 0.2 mm
(which is the limit of the current non-destructive detection technology) on the tensile and fracture properties of flat carbon
steel wire. The investigation revealed that the reduction in the displacement at fracture of the wire due to the presence of
cracks shallower than 0.2 mm is significantly higher than the reduction in the fracture load of the wire. Consequently, the
displacement at fracture and by extension the fracture strain capacity of the wire could serve as a more appropriate param-
eter to assess the quality and the structural integrity of cracked wires.
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Introduction

Steel wires are used as a bridge construction material and
as pre-stressing strands or tendons in pres-stressed struc-
tural units such as beams and girders among other appli-
cations in civil engineering. Steel wire as a typical engi-
neering material inevitably contains defects (such as
scratches or cracks) arising from their manufacturing
processes or through mechanical damage during transpor-
tation, construction and installation, and during the ser-
vice life of the wire. These defects, particularly cracks
could threaten the structural integrity of the wires, and
consequently threaten the structural integrity of structures
(such as suspension bridges and pre-stressed concrete
structures) where wires provide the required tensile rein-
forcement.

The wire considered in this paper is a typical carbon
steel wire used to provide tensile reinforcement for civil
engineering structures, such as bridges and pre-stressed
concrete structures. The manufacturers and users of this
wire desire an understanding of the effect of miniature
cracks with dimensions less than 0.2 mm, which is the
defect detection capability of the commercially available
inline defect detection system in use in the industry on
the tensile properties and fracture behavior of the wires
for design and quality assurance purposes.

Mahmoud (2007) and Toribio and Valiente (2006)
have recognised that the current practice used by engi-
neers to estimate the safe load carrying capacity of
cracked wires as the product of the ultimate strength and
the original nominal area of the wire without taking into
consideration, the fracture parameters of the wire material
may overestimate the strength of the wire due to crack tip
plasticity. Consequently, they recommended using a frac-
ture mechanics based approach to estimate the safe load
carrying capacity of cracked wires.

Research reported in the published literature on car-
bon steel wires, such as that conducted by Mahmoud
(2007) on cracked bridge cable wires, Toribio and Valiente
(2004, 2006) on cracked concrete pre-stressing wires have
focused on estimating the fracture strength of cracked
wires. The work of these authors was based on the classical
fracture mechanics approaches using the linear elastic frac-
ture mechanics (LEFM) and the net section theory/plastic
collapse fracture mechanics. The laboratory tests conduct-
ed by these researchers used non-standardised classical
fracture mechanics specimens (i.e. different researchers
used different specimen sizes) as standard test specimens
could not be manufactured from the wire owing to their
size. When standard fracture mechanics specimens cannot
be obtained and when a safe use of the classical fracture
mechanics concepts cannot be ensured, micromechanism-
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based fracture mechanics models serve as an alternative
methodology for investigating the behaviour of cracked
structures and components (Pardoen et /. 2010). Phenom-
enological models are one of the micromechanism-based
fracture mechanics models that predict ductile fracture
based on the assumption that ductile fracture occurs when
a weighted measure of the accumulated plastic strain, such
as the equivalent plastic strain reaches a critical value (Du-
nand, Mohr 2009).

The work in this paper was undertaken to provide an
understanding of the effect of miniature cracks on the
tensile properties of flat carbon steel wire and to provide
the technical data on the crack size acceptance criteria to
be incorporated into the wire’s standard for the quality
control and quality assurance of the wires. The design
charts presented in this paper could also be used to esti-
mate the tensile properties of cracked wires for the struc-
tural integrity or engineering critical assessment of the
wire needed for the fitness for purpose assessment of civil
engineering structures where wires are used to provide
tensile reinforcement. The laboratory and finite element
(FE) tensile testing of the crack-free and notched pre-
cracked wire specimens conducted with the isotropic
elastic-plastic model combined with the phenomenologi-
cal shear failure criterion inbuilt in the Abaqus 6.9-1finite
element (FE) code is presented. The investigation cov-
ered the effect of crack depths from 0.2 mm to 0.05 mm
on the yield load, the ultimate load, the fracture load and
the displacement at fracture of wires with 12x5 mm and
12x7 mm cross-sectional dimensions.

Isotropic elastic-plasticity model

The isotropic elastic-plasticity model in Abaqus is
based on a linear isotropic elasticity theory and a uniaxi-
al-stress, plastic-strain strain-rate relationship (Simulia
2007). The elastic aspect of the model is defined in terms
of its volumetric and deviatoric components given in
Eqns (1) and (2), respectively, obtained from Simulia
(2007). The model is based on a von Mises yield surface
with the yield function, £, given in Eqn (3) and a flow rule
given in Eqn (4) obtained from Simulia (2007):
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where: p is the hydrostatic stress; €,, is the volume
strain; S is the deviatoric stress; ¢ is the deviatoric elas-
tic strain; ¢ is the von Mises equivalent stress; e»’ is the
deviatoric plastic strain; e”’ is the equivalent plastic

strain; » =éﬁ K is the bulk modulus; G is the shear
q B

modulus. K and G are calculated from the Young’s
modulus £, and Poisson’s ratio v of the material.

The isotropic elastic-plastic modelling parameters
are the: density, Poisson’s ratio, Young’s modulus and
the post yield true stress and true plastic strain. Details of
the isotropic elastic-plastic modelling parameters em-
ployed for the FE tensile testing of the wires considered
in this work are presented in Section 1.2.

Shear failure criterion

The shear failure criterion is a phenomenological
model for predicting the onset of damage due to shear
bands. Applied stress causes shear band formation and
localisation, leading to the formation of cracks within the
shear bands and eventual failure (Simulia 2007). The
shear model assumes that the equivalent plastic strain at

the onset of damage €/ !is a function of the shear stress
ratio 6, and equivalent strain rate g”. The shear stress

ratio is calculated using the expression in Eqn (5) ob-
tained from Simulia (2007):

O :(q+k.vp)/‘rmax, (5)

where: 1 is maximum shear stress; k, is material

max
parameter.
The criterion for shear damage initiation is met
when the condition in Eqn (6) is satisfied:
de?!
o5 = [ =1, ©)
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where g is a state variable, that increases monotonical-

ly with plastic deformation proportional to the incremen-
tal change in equivalent plastic strain. At each increment
during the analysis the incremental increase in wg is

calculated using the expression in Eqn (7) obtained from
Simulia (2007):
AEP! 50- @)

Calibration of shear failure modelling parameters

The parameters needed for phenomenological shear
failure modelling can be obtained experimentally. Howev-
er, obtaining these parameters through direct experimenta-
tion may be difficult because it would require experiments
over a range of shear stress ratio (Simulia 2007). The phe-
nomenological shear failure modelling parameters can also
be obtained from Hooputra et al. (2004) simplified analyti-
cal expression given in Eqn (8). Similarly, obtaining the

equivalent plastic strain at the onset of shear damage, &7 "

from Hooputra et al. (2004) simplified analytical expres-
sion also requires a number of specially designed experi-
ments (interested readers are referred to Hooputra
et al. (2004) for details of the specially designed experi-
ments) to determine four parameters: kg ,ef,eg and f

(Simulia 2007; Hooputra et al. 2004). In addition, the sim-
plified analytical expression may give very high values of
the equivalent plastic strain at damage initiation when the
shear stress ratio is very small (Simulia 2007):
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where: 9+ and 0~ are the values of the parameter ¢ for

. (8)

equibiaxial tension and compression; €% and € are the

equivalent plastic strain in equibiaxial tension/
compression at shear fracture and f'is an orientation de-
pendent parameter.

Considering the scope and scale of the experiments
required to obtain the shear failure modelling parameters
from direct experimentation or from Hooputra et al
(2004) simplified analytical expression, and the limitation
of Hooputra et al. (2004) simplified analytical expres-
sions, the determination of the phenomenological fracture
modelling parameters remains predominantly a phenom-
enological fitting procedure which requires a combination
of testing and numerical simulations (Bernauer, Brocks
2002). The phenomenological fitting procedure involves
keeping some parameters constant and varying others
during numerical simulations until the simulation results
fit the experimental data usually up to the fracture initia-
tion point which is marked by a sudden drop of load in
tension tests. The values of the set of damage and fracture
modelling parameters at which the numerical data fits
with the experimental data are generally taken as the
calibrated or critical fracture parameters (Bernauer,
Brocks 2002). Details of the phenomenological fitting
procedure employed to obtain the calibrated shear dam-
age and fracture modelling parameters for the wires con-
sidered in this work are presented in Section 1.2.

1. Experiment

Details of the laboratory and numerical experimental
methodologies are presented in this section.

1.1. Laboratory tensile testing

Laboratory tensile tests were conducted on 50 mm gauge
length crack-free and notched pre-cracked (with 2 mm
deep, 60 degree V-notch with a notch tip/root radius of
0.25 mm and 1 mm crack) wire specimens shown in Fig-
ures 1(a) and (b), respectively. The wire specimens were
pre-cracked with an Instron 8511 testing machine by
subjecting the notched wire specimen to 33,450 cycles of
axial loading conducted at 0.13% to 18.47% of the ulti-
mate tensile load of the wire. The laboratory tensile test-
ing was conducted with an Instron 1X4505 universal test-
ing machine and the displacement was measured using an
Instron 2630-112 clip-on strain gauge extensometer with
a 50 mm gauge length.

1.2. FE tensile testing simulation

The isotropic elastic-plastic modelling parameters em-
ployed for the simulation of the undamaged tensile be-
haviour of the wire specimens are the density of
7.6x10°kg/mm’ and Poisson’s ratio of 0.3 which are
typical values for steel obtained from Simulia (2007).
Others are the Young’s modulus of 200x10°> N/mm?, and
the post yield true stress and true plastic strain up to the

true ultimate tensile stress and its associated true plastic
strain obtained from the engineering stress and strain of
the wires, which were obtained from the wires’ laboratory
tensile test force-displacement results. For confidentiality
(non-disclosure agreement on the tensile properties of the
wires), the values of the yield and ultimate tensile stresses
and their associated strains, and the ultimate load and
displacement at fracture of the wires are not presented in
this paper.

The calibrated shear damage and fracture modelling
parameters employed for the simulation of the tensile
testing of the wire specimens were obtained through the
phenomenological curve fitting procedure. For both wire
sizes considered in this work, tensile testing simulations
were conducted on crack-free wire specimens shown in
Figure 2(a) with varying shear damage and fracture mod-
elling parameter combinations until the FE predicted a
force-displacement curve that agreed with the experi-
mental curve and with the same fracture initiation point
as the experimental curve. A few of the parameter com-
binations designated as parameter combinations A, B, C
and D considered for the 12x5 mm wire specimens are
presented in the Table. Parameter combination A which
was the starting parameter values are typical parameters
for ductile materials obtained from Simulia (2007). The
modelling parameters combination at which the FE simu-
lation predicted a force-displacement curve that agreed
with the experimental curve and with the same fracture
initiation point as the experimental curve was taken as the
calibrated shear damage and fracture modelling parame-
ters for the wires.

Three dimensional (3D) FE simulation of the tensile
testing of the crack-free wire specimen was conducted on
the simplified/idealised wire specimen model shown in
Figure 2(a) with the filleted corners in the actual wire
shape in Figure 1(a) idealised as sharp corners in the FE
model to simplify the FE analysis and keep model size
reasonable as recommended by Simulia (2007). The sim-
plified model was meshed with global 1x1x1 mm C3D8R
elements (8-node hexahedral linear brick reduced integra-
tion elements with hourglass control) as shown in
Figure 2(a). The local mesh at the middle of the three
dimensional model was meshed with finer elements with
1x0.25%0.25 mm (lengthxwidthxthickness) dimension as
shown in Figure 2(a) to obtain the cup and cone fracture
exhibited by the experimental test specimens as shown
later in Section 2. The left hand end of the model was
fixed and the right hand end, which is free to move only
in the direction of the tensile load, was subjected to a
longitudinal displacement as shown in Figure 2(a).

As shown later in Figure 3, only the simulation con-
ducted with the parameters combination B predicted a
force-displacement curve with approximately the same
fracture initiation point as the experimental curve. As
discussed later in Section 3, the values of the modelling
parameters in parameters combination B thus serve as the
calibrated shear damage and fracture parameters. Conse-
quently, subsequent simulations conducted to study the
effects of cracks on the wires were conducted with the
shear failure modelling parameters combination B.
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b) Notched and pre- cracked wire specimen
Fig. 1. Crack-free, and notched pre-cracked laboratory wire specimens

a) 3D Model of the crack-free wire specimen

b) 2D Model of the crack-free wire specimen

¢) Meshed model of notched pre-cracked wire specimen

Crack

d) Model of notched pre-cracked wire specimen in wire frame
Fig. 2. FE models of crack-free and notched pre-cracked wire specimens
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Table. Shear fracture parameter combinations investigated

Parameters Equivalent plastic strain at Shear stress Strain rate Parameter, Plastic displacement
combinations onset of shear damage ratio ™ Ks at failure
A 0.2761 10.0 0.0001 0.3 0.1
B 0.3451 12.5 0.000125 0.2 0.2
C 0.4142 15.0 0.00015 0.4 0.3
D 0.5522 20.0 0.0002 0.1 0.4
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Fig. 3. Force-displacement curves from simulations with model-
ling parameter combinations A to D
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Fig. 4. Experimental and FE force-displacement curves for
crack-free and notched pre-cracked wire specimens

The 3D FE simulation of the tensile testing of the
cracked wire specimen could not be conducted due to the
large computation time and computer resources needed
for 3D simulation with very fine mesh around the crack
tip. The mesh refinement around the crack tip is required
for accurate FE simulation. Consequently two dimen-
sional simulations were also conducted.

Figures 2(b) and 2(c) show the 2D models of the
crack-free wire and the notched pre-cracked wire speci-
mens with the same boundary conditions as the model
used for the three dimensional simulations. The crack was
modeled as a seam, which is used in Abaqus finite ele-
ment code to model cracks and faces that are originally
closed but open during analyses. The crack is therefore
not visible in the meshed model shown in Figure 2(c) and
is thus presented in the wireframe image of the model in
Figure 2(d). The «crack tip was meshed with
0.02x0.02 mm elements as shown in Figure 2(c), which
was established through mesh convergence tests to be the
optimum mesh size for accurate simulation. No mesh
refinement was needed for the two dimensional model of
the crack-free wire to predict the cup and cone fracture as
shown later in Figure 5(c) in section 2 and the model was
meshed with the global 1x1 mm elements as shown in
Figure 2(b). The simulations of the tensile testing of the
crack-free and notched pre-cracked wire specimens were

validated and FE simulation was subsequently used as the
virtual experiment to investigate the effect of miniature
crack depths on the tensile and fracture properties of the
wire.

2. Results

For confidentiality, the unit of the von Mises stress in this
paper is not stated and the force-displacement curves are
normalised with the experimental ultimate load and the
experimental displacement at fracture. The normalised
experimental force-displacement curve and the force-
displacement curves predicted by the simulations con-
ducted with the shear failure modelling parameter combi-
nations A to D for the 12x5 mm wire are shown in Fig-
ure 3. The normalised experimental curves and the
normalized force-displacement curves predicted by the
2D and 3D FE simulations of the tensile testing of the
crack-free and the notched pre-cracked wire specimens
are shown in Figure 4.

The fractured wire specimens obtained from the la-
boratory tensile testing and from the 3D and 2D FE tensi-
le testing of the crack-free wire specimens are shown in
Figures 5 (a), (b) and (c), respectively. The experimental
and 2D FE predicted fracture shapes for the notched pre-
cracked wire specimens are shown in Figures 6(a) and
(b), respectively. The necked 2D wire specimen model
showing the lateral (along width) contraction alone and
the necked 3D wire specimen model showing the lateral
and transverse contractions of the necked regions of the
specimens are shown in Figures 7(a) and (b), respective-
ly. In all the FE predicted deformed and fracture shapes,
the highest and the lowest von-Mises equivalent stresses
are indicated at the top and bottom of the contour plots by
the deepest red colour and the deepest blue colour, res-
pectively.

The assembled fractured experimental crack-free
and notched pre-cracked wire specimens showing the
reduction in thickness and width of the necked region are
shown in Figures 8(a) and (b), respectively.

The typical variation of the force-displacement
curves obtained from the simulation of the tensile testing
of the 12x5 mm wire with crack depth is shown in Fig-
ure 9. A Similar variation in the force-displacement re-
sponse with crack depth was obtained for the 12x7 mm
wire. The typical variations of the yield load, ultimate
load, fracture load and the displacement at fracture with
crack depth for the 12x5 mm wire are as shown in Fig-
ures 1013, respectively. Similar variations of the yield
load, ultimate load, fracture load and the displacement at
fracture with crack depths were obtained for the
12x7 mm wire.
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a) Fractured experimental wire specimen

Rt & b A

Slant fracture

¢) 2D FE predicted fractured wire specimen

Fig. 5. Experimental and FE predicted fracture shapes for crack-free wire specimens

a) Fractured experimental wire specimen
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Fhbbbts

b) 2D FE predicted fractured wire specimen

Fig. 6. Experimental and FE predicted fracture shapes for notched pre-cracked wire specimens

a

SRR T e .,

L)
+
N
4+
e
4+
+
4
+
i
4+
*
4+

b) Lateral and transverse contractions in 3D simulation

Fig. 7. Necking of FE wire models
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Considerable necking

b) Assembled fractured notched pre-cracked wire specimen
pieces

Fig. 8. Necking of experimental specimens
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Fig. 9. Variation of stress-strain response of 12x5 mm wire with
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Fig. 10. Variation of yield load of 12x5 mm wire with crack
depth
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Fig. 11. Variation of ultimate load of 12x5 mm wire with crack
depth
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Fig. 12. Variation of fracture load of 12x5 mm wire with crack
depth
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Fig. 13. Variation of displacement at fracture of 12x5 mm wire
with crack depth

3. Discussion

As shown in the 2D and 3D FE predicted deformed shapes
of the wire specimens in Figures 7(a) and (b), respectively,
the necked region at the middle of the specimen is the most
stressed region of the specimen with the maximum von
Mises equivalent stress of 880.1. Figures 5(b) and (c) show
that the necked region of the fractured 3D and 2D wire
specimen models around the fracture surface has the high-
est residual Mises stress of 840.9 or 809.8 that are less than
the maximum Mises stress of 880.1 in the necked speci-
men model shown in Figures 7(a) and (b) due to stress
relief at the fracture surfaces. The magnitude of the residu-
al stress reduces along the length of the fractured wire
specimen model from the maximum value at the fracture
surface as shown by the deep red to light green colour
shade in the necked region and the light blue to the deep
blue in the un-necked regions (with the exception of the
two ends of the specimen with relatively high residual
stresses due to the effect of the boundary conditions at the
two ends) with the least residual stress. This result is ex-
pected considering the fact that the necked and the un-
necked regions are the most and the least stressed regions
of the wire specimen models.

On the basis of a good agreement between the ex-
perimental and all the FE predicted force-displacement
curves shown in Figure 3, all the simulations conducted
with the shear failure modelling parameter combinations
A to D are able to predict the tensile response of the
crack-free wire well beyond the ultimate load point.
However, only the force-displacement curve predicted by
the simulation conducted with parameters combination B
accurately predicted the same fracture initiation point as
the experimental curve. Thus, it can be concluded that the
values of the shear failure modelling parameters in pa-
rameters combination B serve as the calibrated shear
damage and fracture parameters for the wire, and the
tensile properties (yield load, ultimate tensile load and
displacement at fracture) predicted by the simulation
conducted with the parameters combination B represent
the tensile properties of the crack-free wire.

As shown in Figure 4, there is a good agreement
between the force-displacement curves obtained from the
laboratory, 2D and 3D FE tensile testing of the crack-free
wire specimen up to the ultimate load point of the wire,
and a good agreement between force-displacement curves
obtained from the laboratory and 2D FE tensile testing of
the notched pre-cracked wire specimens. The lower
displacement values from the displacement at the ultimate
load point to the displacement at fracture predicted by the
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2D simulation of the tensile testing of crack-free
specimen agree with what is reported by Cabezas and
Celentano (2004) and are due to the fact that the 2D
simulation merely captured the longitudinal extension
resulting from the lateral contraction alone as shown in
Figure 7(a). The 2D simulation did not capture the longi-
tudinal axial elongation which accompanied the trans-
verse contraction of the specimen during necking as
shown in the necked 3D FE specimen and the assembled
experimental specimen shown in Figures 7(b) and 8(a).
However, the 2D simulation of the tensile testing of the
notched pre-cracked specimen predicted the same dis-
placement at fracture as the experimental notched pre-
cracked wire specimen, which did not exhibit any signifi-
cant necking as shown in Figure 8(b). This result indi-
cates that the 2D simulation provides sufficiently accurate
prediction of the tensile and fracture properties of the
cracked wire in the absence of necking as for the pre-
cracked wires tested here.

Also there is a good agreement between the “cup
and cone” fracture exhibited by the fractured experi-
mental crack-free specimens shown in Figure 5(a) and the
“cup and cone” fracture predicted by 3D and 2D FE
tensile testing of the crack-free wire as shown in
Figures 5(b) and (c). The cup and cone fracture is charac-
terized by a flat or normal fracture in the center of the
specimen and a slant fracture at the outer regions of the
specimen (Scheider, Brocks 2003; Anderson 2005). The
good agreements between the experimental and FE force-
displacement curves and the “cup and cone fracture”
exhibited by the fractured experimental specimen and the
FE model confirm the accuracy of the FE simulation. The
good agreements also shows that the shear phenomeno-
logical fracture model, which has been identified by
Adewole et al. (2011) as an appropriate fracture model
for the prediction of the fracture behavior of the crack-
free wire considered in this work is suitable for the pre-
diction of the tensile and fracture behaviours of the
cracked wire.

The presence of cracks with depth from 0.05 to
0.19 mm has no significant effect on the yield load and
the displacement at which the wire yields as shown in
Figures 9 and 10 with only 0.38% and 0.30% maximum
percentage reduction in the yield load at 0.19 mm crack
depth for the 12x5 mm and 12x7 mm wires respectively.
As shown in Figure 9, only the force-displacement curve
from the crack-free wire specimen has a distinct ultimate
load point and distinct fracture point. For all the cracked
wire specimens, the ultimate load point serves as the
fracture point. This shows that the presence of cracks in
the wire changed the tensile and fracture behaviours of
the wire, causing the wire to fracture at the ultimate load
of the cracked wire without necking (since necking be-
gins at the ultimate load) as shown in Figure 8(b), com-
pared with the significant necking exhibited by the crack-
free wire specimen shown in Figures 7 and 8(a). Thus the
presence of cracks reduces the ductility of the wire and
embrittles the wire. The embrittlement or loss in the duc-
tility of the wire could be attributed to the high local
stress and strain concentrations at the crack tip, the high

local strain rate around the notches and the high local
strain hardening at the crack tip, all of which promote
cracking, crack extension, and brittle fracture as stated by
Dieter (1998).

As shown in Figures 11 and 12, the presence of
cracks generally reduces the ultimate load and the frac-
ture load of the wire and the reduction is proportional to
the crack depth. In Figure 12, the fracture loads of the
cracked wire specimens with crack depth up to approxi-
mately 0.125 mm are higher than the fracture load of the
crack-free wire because as shown in Figure 9, beyond the
ultimate load point, the load sustained by the wire is in-
versely proportional to the displacement. This explains
why the crack-free wire with a higher ductility (with
higher quality) as typified by the higher displacement at
fracture has lower fracture load than the cracked wire
with reduced ductility. Consequently the fracture load
and by extension the fracture stress commonly used to
characterize the quality and access the structural integrity
of cracked wires may not be the best indicator of the
quality and the structural integrity of the cracked wire and
the displacement at fracture and by extension, the fracture
strain could serve as a better indicator of the quality and
structural integrity of cracked wire.

The reduction in the ultimate load and/or the frac-
ture load of the wire could be attributed to the reduction
in the gross cross-sectional area of the wire and conse-
quently the reduction in the global load carrying capacity
of the wire. The reduction could also be attributed to the
fact that the high local strain hardening around the tip of
the crack embrittles the material around the crack tip
thereby promoting crack propagation in the wire at a
lower applied load. For the 12x5 mm wire, the presence
of cracks with depth from 0.05 to 0.19 mm reduced the
displacement at fracture and the ultimate load (and invar-
iably the fracture load of the wire, since the ultimate load
and the fracture load of the cracked wire are the same) by
57.07% to 81.00% and 0.62% to 15.17%, respectively.
Similarly, for the 12x7 mm wire, the presence of cracks
with depth from 0.05 to 0.19 mm reduced the displace-
ment at fracture and the ultimate load and/or the fracture
load of the wire by 59.36% to 84.97% and 2.39% to
15.98%, respectively.

The 81.00% reduction in the displacement at frac-
ture of the 12x5 mm wire by 0.19 mm deep crack is sig-
nificantly higher than the 15.17% reduction in the frac-
ture load of the wire by the same crack depth. Similarly,
the 84.97% reduction in the displacement at fracture of
the 12x7 mm wire by 0.19 mm deep crack is significantly
higher than the 15.98% reduction in the fracture load of
the wire by the same crack depth. These results indicate
that the presence of a crack has a more detrimental effect
on the displacement at fracture and consequently on the
ductility of the wire, which further stresses the need to
use the displacement at fracture or by extension the frac-
ture strain of the wire rather than the fracture load or the
fracture strain as the indicator of the quality and structural
integrity of cracked wires

The charts in Figures 11, 12 and 13 which show the
relationship between the crack depth and the ultimate
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load, the fracture load and the displacement at fracture of
the wire could be used as the basis of design charts to
determine the maximum crack size that can be accepted
for a target ultimate load, fracture load and displacement
at fracture. More work on the variability of wire proper-
ties and on the properties of other wire steels would be
needed to develop this further. Furthermore, the design
chart approach could be extended to determine the ulti-
mate load, fracture load and displacement at fracture of
cracked wire which could be used for engineering critical
assessment of the wire in service needed for the fitness
for purpose assessment of bridges, pre-stressed concrete
structures and other civil engineering structures where
wires provide tensile reinforcement.

Conclusions

In this paper, the experimental and simulation techniques
employed to predict the tensile and fracture behaviour of
flat carbon steel wire are presented. It is demonstrated
that both 2D and 3D FE simulations with the phenomeno-
logical shear fracture model are able to predict the tensile
and fracture behaviour of crack-free and notched pre-
cracked wires based on the predicted force-displacement
response and the “cup and cone” fracture shape which
agree well with the properties exhibited by experimental
wire specimens. Thus, it is established that a simple ten-
sile test and tensile testing simulation with the microme-
chanical-based shear phenomenological fracture model
can be used to predict the fracture load and other tensile
and fracture behaviour/properties of cracked wires. Con-
sequently, the use of the micromechanical-based shear
phenomenological fracture model to predict the fracture
load and other tensile and fracture behaviour/properties of
cracked wires serves as a suitable alternative to using
non-standardised classical fracture mechanics specimens
with various researchers using various non-standardised
specimen sizes as presented in the published literature to
predict the fracture properties of wires. The use of the
micromechanical-based shear phenomenological fracture
model to predict the fracture load and other tensile and
fracture behaviour/properties of cracked wires also serves
as an alternative to using the current practice used by
engineers to estimate the safe load carrying capacity of
cracked wires as the product of the ultimate strength and
the original nominal area of the wire which does not take
into consideration the fracture parameters of the wire.

FE tensile testing simulation was employed as a vir-
tual experiment to investigate the effect of miniature
crack with depth from 0.05 mm to 0.19 mm. The investi-
gation revealed that the presence of miniature cracks
shallower than 0.19 mm embrittles the wire as evidenced
in the substantial reduction in the displacement at fracture
of the wire. The investigation also revealed that the pres-
ence of miniature cracks has a more detrimental effect on
the displacement at fracture and consequently on the
ductility of the wire than on the fracture load of the wire.
This result indicates the need to use the displacement at
fracture (by extension the fracture strain) of the wire ra-
ther than the fracture load (by extension the fracture

stress) of the wire for the quality assessment and the
structural integrity of the cracked wires.

Also presented in this paper are the design charts
showing the relationships between the crack depth and
the ultimate load, the fracture load and the displacement
at fracture of the flat carbon steel wire considered in this
research. These design charts could be used to estimate
the mechanical parameters of cracked wires for the struc-
tural integrity assessment of the wire and for the fitness
for purpose assessment of flexible pipes and other civil
engineering structures where wires are used to provide
tensile reinforcement. The design charts could also be
used to determine the maximum crack size that can be
accepted for a desired ultimate load, fracture load and
displacement at fracture, and thus provides the technical
data required to specify the limit of acceptable crack size
in the flat wire standards for the quality control and quali-
ty assurance purposes.
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