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Abstract. Carbon steel wires used for civil engineering applications may contain laminations. In the published  literature, 
lamination was modelled as a separation between two faces with a finite distance. This technique is not suitable for 
modelling the line-type/crack-like laminations that may be present in the wires. In this paper, the effects of longitudinal 
line-type laminations on the tensile properties of carbon steel wires were investigated using Finite element (FE) analysis. 
Laminations were modelled as seams which truly simulate the line-type/crack-like laminations that have been reported 
to be instrumental to the failure of pre-stressing wires. FE analysis revealed that laminations do not significantly reduce 
the yield and ultimate loads of the wires. However, laminations cause a significant reduction in the displacement at 
fracture of the wires and the reduction is proportional to the length of the laminations. Consequently, the presence of 
laminations reduces the ductility of the wires, which reduces the ability of the wires to withstand overload the wires may 
experience in service without causing a catastrophic failure of structures where wires provide the required reinforcement.
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Introduction

The presence of laminations in carbon steel wires  
(usually 2.5 mm to 8 mm in size) and bars (usually10 mm 
to 32 mm) used for the construction of pre-stressed con-
crete structures, flexible pipes, suspended and cable-stayed 
bridges and for other applications in civil and structural 
engineering is associated with the impurity or defects in 
the steel and the rolling and/or drawing manufacturing 
processes of the wires/bars. A lamination is an elongated 
line-type defect or a long crack that constitute a mate-
rial separation or discontinuity (Peet, Wilde 2001) and is 
usually parallel to the surface of metal products produced 
through rolling or drawing process (Smith et al. 1957). 
Laminations are normally invisible at the surface and are 
revealed during pressing or drawing of the metal prod-
ucts (e.g. wires/bars) (Smith et al. 1957). Laminations  
result from the elongation of cylindrical cavities in the par-
ent ingot during rolling or drawing process (Smith et al. 
1957) or from slag and mould powder entrapment during 
the steel making or casting process (Moir, Preston 2002). 
Lamination may also be caused by non-metallic inclusions 
(MnS) or by alloy segregation that is made directional by 
working the material (Escoe 2006). There is the need to 
understand the effect(s) of laminations on the tensile prop-
erties of wires/bars for civil engineering applications as 
the catastrophic rupture of pre-stressed concrete pipes has 

been attributed to the presence of long pre-service long 
longitudinal cracks or laminations in the pre-stressing 
wires used for the construction of the failed pre-stressed 
concrete pipes by the United States Bureau of Reclamation 
(1994). The United States Bureau of Reclamation (1994) 
reported that the long pre-service longitudinal cracks were 
very straight for great lengths and were several feet in 
length. The cracks can thus be described as laminations.

Most literature on laminations such as that of Peet 
and Wilde (2001), and Fazzini et al. (2005) are on the ef-
fects of laminations on the integrity of pipelines. Typical 
laminations that have been detected in pipelines by trans-
versal magnetic flow and UltraScan wall measurement in-
line internal inspection tools are between less than 1 mm 
and up to 4.2 mm in the pipeline’s radial or through thick-
ness direction (i.e. the thickness of the lamination), with 
widths between 10 and 200 mm, and total lengths that 
are significantly larger than the width and the dimension 
in the through thickness direction (Fazzini et al. 2005). 
Fazzini et al. (2005) modelled these laminations as a sepa-
ration between two faces with a finite interval between the 
two faces. While this modelling technique is suitable for 
modelling the laminations found in pipelines (with finite 
thickness of 1mm to 4.2 mm as presented earlier), it is not 
suitable for modelling the line-type or crack-like lamina-
tions (long longitudinal cracks) such as those that were 
observed by the United States Bureau of Reclamation  
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(1994) in the failed pre- stressing wires used for the con-
struction of the ruptured pre-stressed concrete pipes that 
may be present in steel wires for civil  engineering appli-
cations. Also, the experimental investigation of the effects 
of laminations on the integrity of pipelines conducted by 
Peet and Wilde (2001), were conducted on specimens 
with pre-service or existing lamination (i.e. the lamina-
tions were not machined into the specimens). This could 
be due to the fact that it is not experimentally possible to 
machine laminations, especially, the line-type or crack-
like laminations such as the laminations in the ruptured 
pipe pre-stressing wire reported by the United States Bu-
reau of Reclamation (1994). Consequently, there is the 
need for an appropriate modelling technique that truly 
simulates the line-type or crack-like laminations observed 
in wires used for civil engineering applications.

This work presents the investigation of the effects of 
longitudinal mid-width laminations that are parallel to the 
wires’ drawing or rolling direction on the tensile proper-
ties of typical carbon steel wires for civil  engineering 
applications. The investigation involves laboratory ten-
sile testing and FE simulations of the tensile testing of 
lamination-free wires and the finite element simulation 
of the tensile testing of wires with laminations. The 
three dimensional FE simulations were conducted with 
the  isotropic elastic-plastic model combined with the 
micromechanical-based phenomenological shear failure 
fracture mechanics model in-built in Abaqus finite ele-
ment code. Details of the isotropic elastic-plastic model 
and the phenomenological shear fracture mechanic mod-
el and the modelling parameters for the two models can 
be found in the work of Adewole and Bull (2013).

The simulation was conducted with the micro -
mechanical-based phenomenological shear fracture me-
chanics model because as stated by Mahmoud (2007), To-
ribio and Valiente (2004, 2006), it is impossible to employ 
the classical fracture mechanics concept to predict the ten-
sile and fracture properties of cracked wires as standard-
ised fracture mechanics specimens could not be manufac-
tured from the wires due to the size of wires. This explains 
why the recent research on the determination of the frac-
ture properties and fracture mechanism of cracked wires, 
such as the research conducted by Mahmoud (2007) on 
bridge cable wires, and by Toribio and Valiente (2004), 
Toribio and Valiente (2006) on concrete pre-stressing wires 
employed non-standardised fracture mechanics specimens 
for their analysis.

1. Experimental 

The details of the laboratory and numerical experi-
ments for the tensile testing of the lamination-free wire 
 specimen and the wires specimens with lamination are 
as follows.

1.1. Laboratory tensile testing
Twelve full size specimens of 12×5 mm and 12×7 mm 
lamination-free wires shown in Figure 1(a) were tested  

in accordance with ASTM E8M:2009 (2009) specifi-
cations  using an Instron universal testing machine (IX 
4505) with a static capacity of ±100 kN. The tensile 
specimens of the wire were held with wedge grips and 
the laboratory tensile tests were conducted on 170 mm 
long, 50 mm gauge length wire specimens at an ambi-
ent temperature of 20 °C, a relative humidity of 38% 
and a cross head speed of 5 mm/min. The displacement 
was measured with an Instron 2630–112 clip-on strain 
gauge extensometer with a 50 mm gauge length which 
ensured that only the 50 mm gauge length elongation 
was measured. 

1.2. FE element tensile testing simulation
Taking an advantage of the symmetry of the wire speci-
men, the three dimensional FE simulations of the  tensile 
testing of the lamination-free wire specimens and the 
wire specimens with mid-width (width of the wire speci-
men model in the Y-axis direction) laminations were con-
ducted with models of the wire specimens with half the 
thickness (thickness of the wire specimen model in the 
Z-axis direction) of the wire as shown in Figure 1(b). 
The simulations of the tensile testing of the lamination-
free wires specimen and the wire specimens with mid-
width lamination were conducted with the same material 
input data obtained from the laboratory tensile testing 
of the lamination-free wire specimens. However, for the 
simulation of the tensile testing of the lamination-free 
wire, the mid-width partition which is not visible in the 
meshed wire model in Figure 1(b) and which is as shown 
in the wireframe image in Figure 1(c) was modelled as 

(a) Experimental wire specimen

(b) FE model of wire specimen

(c) Wireframe model of wire specimen with mid-width 
lamination

Fig. 1. Laboratory specimen and FE models of wire specimen 
with and without laminations
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ordinary partitions, whereas, for the simulations of the 
tensile testing of the wire specimens with laminations, 
the mid-width partition was modelled a seam to  simulate 
the line-type or crack-like laminations. A seam in Abaqus 
is used to model cracks and faces that are originally 
closed but open during analyses.

The elastic-plastic response modelling parameters 
employed for the FE simulations are the density, Young’s 
modulus, Poisson’s ratio, and the true plastic stress and 
strain from the yield stress to the ultimate tensile stress 
of the wire. The values for these parameters are not 
specified in this paper for confidentiality (Non-disclosure  
agreement between the wire supplier and Newcastle 
University). The shear damage and fracture modelling 
 parameters employed for the FE simulations are fracture 
strain of 0.3451, shear stress ratio of 12.5, strain rate of 
0.000125 s–1 and a material parameter Ks of 0.3. These 
are the calibrated shear damage and fracture modelling 
parameters established by Adewole and Bull (2013) as 
the appropriate shear damage and fracture modelling pa-
rameters for the wires considered in this work through a 
phenomenological curve fitting procedure. Details of the 
phenomenological curve fitting procedure are available 
in the work of Adewole and Bull (2013).

The outer and the middle regions of the models 
of both the lamination-free wire specimen and the wire 
specimen with laminations were meshed with 1mmx1m-
mx1mm and 0.1×0.1×1 mm C3D8R elements respectively 
as shown in Figure 1(b). 0.1×0.1×1 mm element size was 
established through mesh convergence study as the opti-
mum mesh size required for an accurately prediction of the 
tensile and fracture behaviours of both the lamination free 
wire specimen and the wire specimen with laminations. 
Figure 1(b) shows the boundary condition employed for 
the tensile testing simulations. It consists of a completely 
fixed boundary condition at the left hand end of the model 
and a boundary condition which allows only horizontal 
displacement in the longitudinal (X-axis) direction of the 
wire specimens. During the tensile testing simulations, lon-
gitudinal displacements were applied to the right hand end 
of the specimens as shown by the arrows in Figure 1(b). 
FE tensile testing simulations were employed to investi-
gate the effects of longitudinal laminations with lengths 
from 1mm to 10mm on the tensile properties of the wires.

2. Results

For confidentiality (non-disclosure agreement with the 
wire’s supplier), all the force-displacement curves pre-
sented in this paper are normalised with the experimental 
ultimate load and displacement at fracture of the lamina-
tion-free wire. The FE predicted deformed shapes for the  
12×7 mm lamination-free wire specimens and the 12×7 mm  
wire specimens with mid-width lamination throughout 
the uniform elastic and plastic deformations up to the 
ultimate load point are the same and only the deformed 
shapes at the ultimate load point at which necking  
commenced are presented in Figure 2. The FE predicted fully  

necked wire specimens with and without laminations are 
shown in Figure 3. The fractured experimental specimens 
and the FE predicted fractured models of the wire speci-
mens with and without mid-width laminations are shown 
in Figures 4 and 5 respectively. Similar deformed shapes 
during the uniform elastic and plastic deformations, fully 
necked specimens and fractured shapes were predicted 
for the two wires wire sizes.

A small variation of a few percent (with standard 
deviations of approximately 0.32, 0.34 and 0.42 in the 
yield, ultimate and the displacement at fracture of the 
wires) was observed in the test results among different 
samples of the two wire sizes considered. The normal-
ised force displacement-curves from the lamination-free 
samples of the as-received 12×5 mm and 12×7 mm wire 
specimens with properties closest to the mean are pre-
sented in Figure 6. The FE predicted force-displacement 
curves for the 12×7 mm lamination-free wire specimen 
and that of the 12×7 mm wire specimens with mid-width 

Fig. 2. Deformed shapes of models of wire specimens 
with and without laminations at ultimate load point prior to 
necking

(a) Lamination free wire specimen

(b) Wire specimen with mid-width lamination

Fig. 3. FE predicted fully necked models of wire specimens 
with and without lamination

(a) Lamination-free wire specimen

(b) Wire specimen with mid-width lamination
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laminations are shown in Figure 7. The variations of 
the yield load, the ultimate load and the displacement at 
fracture with varying mid-width and near-surface lami-
nation lengths are shown in Figures 8, 9 and 10 respec-
tively.

3. Discussion

The good agreements between the lamination-free 
wire specimens’ experimental and FE predicted  

force- displacement curves shown in Figure 6 and the  
experimental and FE predicted cup and cone fracture shape 
(with flat fracture at the center and slant fracture at the 
outer edges of the specimen) shown in Figures 4(a) and 5,  
demonstrate the accuracy of the FE simulation in predict-
ing the wire’s tensile and fracture behaviours. A com-
plete cup and cone fracture is formed if the predicted 
fractured half models of the wire specimens in Figure 4  
are mirrored about the axis of symmetry (Z-axis). The 
accuracy of the finite element simulations of the tensile 
testing of the wires specimens with laminations could 
not be validated with experiments, as it was not possi-
ble to machine long longitudinal mid-width line-type/
crack-like laminations that are parallel to the length of 
the wire specimens and cut through the width of the wire 
specimens as modelled in the FE simulations. However, 
the ability of the FE simulations to predict insignificant 
reductions in the ultimate tensile load of the wire with 
laminations (Fig. 7), which agrees with what was ex-
perimentally observed by the United States Bureau of 
Reclamation (1994) confirms the accuracy of the sim-
ulation. Also, the ability of the FE simulations to pre-
dict a cup and cone fracture shape with an opening at 
the center of the cup and cone fracture which extends 
along the length of the wire as shown in Figure 4(a) for 
the wires specimen with laminations which also agrees 
with the fracture shape of wires specimens with pre-
service longitudinal line-type laminations fractured by 
experimental tensile testing obtained from United States  
Bureau of Reclamation (1994) which equally exhibit a 
cup and cone fracture with an opening at the center of the 
cup and cone fracture which extends along the length of 
the wire further confirms the accuracy of the simulation. 

In Figure 6, the normalised ultimate tensile load of 
the 12×5 mm wire is higher than that of the 12×7 mm 
wire, while the normalised displacement at fracture of 
12×5 mm wire is less than that of the 12×7 mm wires be-
cause the 12×5 mm was manufactured from the 12×7 mm 
wires. The drawing process increased the ultimate tensile 
load of the 12×5 mm wire and reduced its displacement 
at fracture due to work hardening and the reduction in 
the amount of available plastic deformation respectively. 
Figure 2 shows that there is no significant differences in 

Fig. 4. Experimental and FE predicted fractured specimens of 
wire with lamination

(a) FE predicted fractured model of wire specimen 
with lamination

(b) Fractured experimental specimen of wire with 
lamination, 3X (United States Bureau of Reclamation, 
1994)

(a) FE predicted fractured model of wire specimen 
without lamination

(b) Fractured experimental specimen of wire without 
lamination

Fig. 5. Experimental and FE predicted fractured wire 
specimens without lamination

Fig. 6. Experimental and FE predicted force-displacement 
curves for lamination-free wires
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the FE predicted deformed shapes and the Misses stress 
distributions in the lamination-free wire specimens and 
the wire specimens with laminations at the ultimate load 
point where necking commenced. Conversely, there are 
significant differences in the FE predicted fully necked 
and the fractured lamination-free wire specimens, both 
of which exhibit no opening as shown in Figures 3(a) 
and 5(a) respectively, and the fully necked and fractured 
wire specimens with mid-width laminations with open-
ings as shown in Figures 3(b) and 4(b) respectively. In 
the  assembled fractured specimen of the wire specimen 
with lamination in Figure 4(b), the left hand side frac-
tured piece and the right hand side fractured piece re-
spectively represent the cup section and the cone sections 
of the cup and cone fracture exhibited by the fractured 
specimen of the wire specimen with lamination. There 
is no  opening in the fully necked and the fractured lam-
ination-free wire specimen because during necking, the 
entire cross  section of the lamination-free wire specimen 
necks down as a single unit as shown in Figure 3(a). 
Openings exist in the wire specimens with laminations 
because the presence of the laminations (material sepa-
rations) divides the wire specimens into two ligaments 
along the wire’s thickness with each ligament necking 
separately, thereby creating an opening between the two 
ligaments as each ligament shrinks in opposite vertical 
directions as shown in Figure 3(b). The opening which 
occurred during necking is also visible in the magnified 
experimental fractured wire specimen with lamination 
presented in Figure 4(b).

Figures 8, 9 and 10 show the variations of the yield 
load, the ultimate load and the displacement at fracture 
of the wire with lamination lengths and can thus serve as 
design curves that could be used to estimate the tensile 
properties of wires with laminations of 1 mm to 10 mm 
lengths. Figures 8, 9 and 10 show that the presence of 
mid-width laminations reduces the yield load, the ulti-
mate load and the displacement at fracture of the wires 
and the reductions are proportional to the length of the 
laminations. Figure 10 shows that the rate of reduction 
in the displacement at fracture of the wire with lamina-
tion length greater than 4 mm is small compared to the 
rate of reduction in the displacement at fracture of the 

wire with lamination lengths less than 4mm. Figures 8, 9  
and 10 also show that the mid-width lamination caus-
es 0.02 to 0.11%, 0.001 to 0.06% and 3.76 to 13.04% 
reductions in the yield load, the ultimate load and the 
displacement at fracture of the wire respectively. This 
result indicates that the presence of lamination has no 
significant effects (i.e. no significant reductions) on 
the yield and ultimate loads of the wire which agrees 
with what was reported by the United States Bureau of  
Reclamation (1994). This result also indicates that the 
presence of lamination significantly reduced the dis-
placement at fracture and consequently the ductility of 
the wires, which also agrees with what was reported by 
the United States Bureau of Reclamation (1994). This is 
due to the fact that as revealed by the FE simulations, 
the presence of laminations has no significant or notice-
able effect on the wire’s uniform elastic and plastic de-
formations (Fig. 2); mises stress distribution (Fig. 2) and 
the force-displacement response (Fig. 7) of the wire up 
to the ultimate load point. 

The presence of laminations only has significant 
effects on the localised non-uniform extension and 
 deformation of the wire during necking (noticeably, the 
opening in the necked wire with laminations), the post 
necking force-displacement response of the wire (notice-
ably, the reduced displacement at fracture of the wire 
with laminations), and the fracture shape (cup and cone 
fracture with an opening at the center of the cup and cone 
fracture which extends along the length of the wire as 
shown in Fig. 4b) of wire specimens with laminations. 

Fig. 7. FE predicted force-displacement curves for the wire 
with and without laminations

Fig. 8. Variation of yield load with lamination length

Fig. 9. Variation of ultimate load with lamination length
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Consequently, the high rate of reduction in the displace-
ment at fracture of the wires with lamination lengths 
less than 4 mm compared to the wires with lamination 
lengths greater than 4 mm could be attributed to the fact 
that the highest reductions in the lateral and transverse 
 dimensions of the wire during necking which determines 
the extension of the wire between the commencement of 
necking to the fraction initiation point and consequent-
ly determines the displacement at fracture of the wire 
 significantly occurs within the middle 4 mm length of the 
wire specimen as shown in Figure 3(b). Thus it can be 
said that the low rate of reduction in the displacement at 
fracture of the wire with lamination length greater than 
4 mm is due to the low lateral and transverse reductions 
in the dimensions of the wire outside the middle 4 mm 
length of the wire during necking.

The significant reduction in the displacement at 
fracture of the wire and consequently, the reduction in 
the ductility of the wire reduce the wires’ ability to with-
stand overloads such as the surges experienced by the 
ruptured pres-stressed concrete pipe during valve clos-
ings without a catastrophic failure. The reduction in the 
ductility of the pre-stressing wires used for the construc-
tion of the ruptured pre-stressed concrete pipe by the 
presence of pre-service laminations could be responsible 
for the wires inability to withstand surges experienced  
by the ruptured pres-stressed concrete pipe during valve 
closings and led to the catastrophic rupture of the pipe. 
Although for practical engineering design purposes, em-
phasis are placed on the yield and the ultimate loads 
of the wires which are not significantly affected by 
laminations, this result highlights the need to take into 
consideration the reduction in the ductility of wires by 
laminations during design so as to ensure that the wires 
have sufficient ductility to withstand overloads without  
catastrophic failure. 

The reduction in the displacement at fracture of 
the wire specimens with laminations is due to the re-
duced necking (lower lateral and transverse contrac-
tions)  exhibited by the wire specimens with laminations 
shown in Figure 3(b) when compared with the substan-
tial necking exhibited by the lamination-free wire speci-

men shown in Figure 3(a). The reduced necking of the 
wire specimens with laminations predicted by the FE  
simulation agrees with the reduced reduction in area 
(reduced necking) exhibited by the failed pre-stressing 
wire with pre-service laminations reported by the Unit-
ed States Bureau of Reclamation (1994). The reduced 
necking which is due to the lower lateral and transverse 
contractions of the wire specimens with laminations re-
duces the elongation or the displacement to fracture of 
the wire specimens because the longitudinal elongation 
of the wire is proportional to the lateral and transverse 
contractions of the wire.

Conclusions 

This study presents the finite element simulation tech-
niques employed for the investigation of the effects of 
laminations on the tensile properties of a typical carbon 
steel wire for civil engineering applications with and 
without laminations. It is demonstrated that the finite 
 element simulation techniques employed in this work is 
able to predict the tensile and fracture behaviours of the 
typical carbon steel wire with laminations considered in 
this work. This study also presents design curves that 
could be used to estimate the tensile properties of wires 
with laminations of 1 mm to 10 mm length. The inves-
tigation revealed that the presence of mid-width lamina-
tions reduces the yield load, the ultimate load and the 
displacement at fracture of the wires and the reductions 
are proportional to the length of the laminations. The in-
vestigation also revealed that the presence of laminations 
with 1 mm to 10 mm in length considered in this work 
has no significant effects on the yield and the ultimate 
loads of the wire as the presence of laminations has no 
significant or noticeable effects on the wires’ uniform 
elastic and plastic deformations up to the ultimate load 
point where necking begins. However, the presence of 
laminations with 1mm to 10mm in length causes signifi-
cant reductions of 3.76 to 13.04% in the displacement at 
fracture of the wire due to reduced necking exhibited by 
the wire specimens with laminations. 

The significant reduction in the displacement at 
fracture of the wire and consequently, the reduction in 
the ductility of the wire by laminations reduce the wires’ 
ability to withstand overloads without a catastrophic 
failure. This result indicates that the presence of longi-
tudinal laminations in wires used for civil engineering 
 application threatens the structural integrity of the wires 
and consequently threatens the structural integrity of 
wire-reinforced structures. Thus, it can be inferred that 
the significant reduction in the displacement at fracture 
and consequently, the reduction in the ductility of the pre-
stressing wires used for the construction of the ruptured 
pre-stressed concrete pipe by pre-service laminations re-
duce the wires’ ability to withstand overloads without 
a catastrophic failure and could be the reason for the  
catastrophic rupture of the pre-stressed concrete pipe 

Fig. 10. Variation of displacement at fracture with lamination 
length
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reported by the United States Bureau of Reclamation 
(1994), which experienced surges (overloads)  during 
valve closings. This work thus provides a numerical pre-
diction/analysis of the tensile behaviour of wires with 
laminations and provides a better understanding of the 
possible reasons for the failure of pre-stressing wires with 
pre-service longitudinal cracks or laminations such as the 
one used for the construction of the pre-stressed concrete 
pipes that ruptured catastrophically as reported by Unit-
ed States Bureau of Reclamation (1994). This study also 
highlights the need to take into consideration the reduc-
tion in the ductility of wires by laminations during design 
so as to ensure that the wires have sufficient ductility 
to withstand overloads during service without causing a 
catastrophic failure of wire-reinforced structures.
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