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Abstract In reinforced concrete structures under

severe dynamic loading, as impact and blast, both

concrete and reinforcing bars are subjected to high

strain-rates. While the dynamic tensile behaviour of

concrete is the subject of many researches, the

behaviour of the reinforcing steel under high strain

rate has been not completely considered yet. Such

behaviour is of capital importance in the structural

assessment under the abovementioned loading condi-

tions. This is the reason why an experimental program

on rebar, stirrup and wire steels under high strain rate

in tension is running at the DynaMat Laboratory. In

this study the effect of high strain rate on the

mechanical properties of B500A steel reinforcing bars

in tension has been analysed. The steel of three

different bars having diameter of 6, 8 and 10 mm have

been investigated. The experiments have been carried

out by means of a Split Hopkinson Tensile Bar at 250,

500 and 1000 s-1. Finally the parameters of the well-

known Johnson–Cook and Cowper–Symonds materi-

als models have been obtained.

Keywords High strain rate � Reinforcing bar �
B500A � Split Hopkinson Tensile Bar �
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1 Introduction

The study of the response of reinforced concrete (RC)

structures under transient dynamic loading for many

years has been limited to very specialized fields in both

military and civilian applications (protective struc-

tures or nuclear power plants). Recent events, due to

natural or man-made causes, have highlighted the

vulnerability of RC structures to those dynamic loads

as impact and blast. In the last decades particular

attention has been addressed to socially-sensitive

structures, such as for example tunnels, sheltering

structures, nuclear power plants, high-rise buildings,

bridges and off-shore platforms. For most of these

buildings has been required an assessment taking into

account their vulnerability, or their potential to

mitigate severe dynamic loads, such as impacts or

blasts due to terroristic attack.

Thus nowadays the comprehension of the mechan-

ical behaviour of RC structures under high dynamic

loadings is consequently became of extreme impor-

tance [1].

Asprone et al. [2, 3] had shown in the evaluation of

the structural behaviour of critical infrastructures as a

bridge under severe dynamic load conditions, charac-

terized by high intensity and short duration, the role

played by the dynamic properties of materials is

fundamental.

Till now experimental campaigns on the dynamic

behaviour of reinforcing steel are rare, as a conse-

quence still remain a lack of satisfactory data. This is
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the reason why an experimental program on rebar,

stirrup and wire steels under high strain rate in tension

is running at the DynaMat Laboratory of the Univer-

sity of Applied Sciences of Southern Switzerland.

The effects of increasing strain rate on mechanical

properties of steel, used for reinforcing bar, can be

described as an enhancement of the yield strength (fy),

ultimate tensile strength (ft) and uniform strain.

Experimental evidence shows that the elastic modulus

generally remains insensitive to the strain rate. Often,

when the strain rate is very high, the dynamic yield

strength may increase beyond that of the ultimate

strength [4–6]. Dowling and Harding [7] tested mild

steel in tension, in the strain rate range of 10-3 7
2 9 10-3 s-1, using for higher strain rate a tensile

version of Split Hopkinson Pressure Bar (SHPB).

They found that mild steel, being a material with body-

centred cubic structure, is affected by a strong strain

rate sensitivity. In these experiments were found that

the lower yield strength can almost be doubled while

the ultimate tensile strength can be increased by about

50 %. Moreover, the upper yield strength was consid-

erably higher and the failure strain decreases with

increasing strain rate.

Increasing the strain rate the increment of the

dynamic ultimate tensile strength is slightly less than

those of the dynamic yield strength at the same rate.

Malvar [8], conducted a literature review by

considering the strain rate effect on the properties of

reinforcing bars with yield stress ranging from 290 to

710 MPa, in the strain rates range 10-4 B _e B 10 s-1.

Three different groups of reinforcing bar steel were

analysed with yield stress of 275, 413 and 517 MPa.

From this analysis a formulation to evaluate the

dynamic increase factor (DIF), ratio between dynamic

and static value, of the reinforcing bar with the

increasing of strain rate was proposed. Unfortunately

higher strain rate were not considered and it is well

known that blast pressures normally produce loads

associated with strain rates that can reach 102–103 s-1.

Other past [9, 10] and recent [3, 6, 11–14]

researches confirmed the mechanical structural steel

improvement of both yield and ultimate tensile

strength as well as the fracture strain at high strain

rates.

The CEB bulletin [15] and more recently the Model

Code 2010 [16] described the strength enhancement of

steel reinforcing bars in terms of DIF. DIF formula-

tions are widely used to calibrate numerical model for

the evaluation of RC structures submitted to high

strain rates expected for seismic, impact and blast

loadings [17].

As far as we know no previous researches are

focused on the high strain rate behaviour of cold drawn

rebar mainly used in Civil Engineering as welded wire

mesh (known also as welded wire fabric) and stirrups.

The cold drawn is a process in which the cross

sectional area of wire, bar or tube is reduced by

drawing the material through a die without any pre-

heating. It is well known that this process changes the

mechanical properties of the steel: due to the forced

section reducing, both an high hardening and strength-

ening increase as well as a reduction in ductility were

obtained.

Welded wire mesh is a prefabricated reinforcement

consisting of deformed or smooth wires welded

together in square or rectangular grids. This type of

reinforcement, where relatively regular reinforcement

are possible, is widely used in both precast and on-site

concrete constructions, such as for example walls,

bridge decks, slabs and as shear reinforcement in RC

elements. The main benefits in using these elements

are time and financial saving as well as the easy on-

fabric quality control. Cold drawn rebar are also

widely used as surface ground support in mining

applications [18].

The material object of this research is a commercial

B500A steel, manufactured through a cold-forming

process of wire rod and available as coils or bars in a

range of 5–12 mm in diameter.

The purpose of this article is to both highlight the

strain-rate sensitiveness and to quantify the strength

enhancement in terms of the DIF of the B500A steel in

a wide range of strain rates (10-4–103 s-1) by

analysing specimens turned from three different bars

with 6, 8 and 10 mm in diameter, respectively.

Finally, the parameters of the Johnson–Cook and

Cowper–Symonds materials models have been obtained.

2 Material

The B500A grade is a commercial high-strength

reinforcing steel produced by cold forming process

available in diameter ranging from 5 to 12 mm in coils

or bars. This quality of steel is mostly used as

transversal reinforcing, like stirrups, or for the

production of welded wire meshes.
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The capital letter B, preceding the nominal yield

strength (500 MPa), designates reinforcing steel,

while A is the ductility class in accordance with EN

1992-1-1 [19] who defines in terms of the ratio ft/fy
three ductility classes:

A (low ductility: ft/fy C 1.05), B (normal ductility:

ft/fy C 1.08) and C (high ductility: 1.15 B ft/

fy B 1.35).

The grade B500A steel is conform to both the Swiss

[20] and French standards [21], as well other European

countries.

Three different diameters 6, 8 and 10 mm of this

reinforcing steel were used. The specimens were

obtained by turning these three bars, obtaining the

common geometry, 3 mm in diameter and 5 mm of

gauge length (Fig. 1), used in dynamic testing with the

Split Hopkinson Tensile Bar, SHTB [22].

The chemical composition of the three bars were

obtained by inductively coupled plasma/optical emis-

sion spectrometry and carbon and sulphur analyser, the

results are reported in Table 1. To compare the

microstructure of the B500A steel two specimens of

6 and 8 mm in diameter were prepared for optical

microscopy using standard laboratory techniques for

grinding and polishing. Micrographs shown in Fig. 2

confirm that the two bars have the same microstructure.

It is possible to observe how the bar with lower

diameter has a well distributed granulometry than to

the larger one due to the cold-drawn procedures. The

turning process adopted to prepare the specimen has

been conducted at low velocity taking care to lubricate

in order not to induce high temperature on the

specimen. The materials subjected to this turning

process do not change their mechanical characteristics

neither the microstructures. In the border of the

specimen the microstructure could be slightly modified

but the extension of this zona is limited to few microns,

that is three order of magnitude less respect to the

diameter of the specimen so its effect can be neglected.

3 Experimental procedures

It is well known that the cold forming process changes

the mechanical properties of the steel. The forced

section reducing, necessary in order to obtain small

diameter, produce both an high hardening and

strengthening increase as well as a reduction in

ductility. With the purpose of studying this phenom-

ena, three different diameter were analysed, 6, 8 and

10 mm.

Different set-ups were used for the tensile mechan-

ical characterisation at room temperature. The target

strain rates were set at the following four levels: 10-4,

250, 500 and 1000 s-1.

Quasi-static tests were carried out by means of a

universal electromechanical machine Zwick/Roell,

while dynamic test were performed at high strain

rates by means of a SHTB [13, 14, 22–25] installed at

the DynaMat Laboratory (Fig. 2). Additionally some

tests at intermediate strain rate were carried out using a

Hydro-Pneumatic Machine described in [23].

SHPB consists of two cylindrical high strength steel

bars, having a diameter of 10 mm, with a length of

Fig. 1 Sample geometry

Table 1 Materials composition

Bars C S Cr Ni Mn Si V Fe

d = 6 mm 0.19 0.020 0.23 0.10 0.44 0.18 – Balanced

d = 8 mm 0.18 0.030 0.17 0.10 0.48 0.18 – Balanced

d = 10 mm 0.17 0.010 0.03 0.02 0.46 0.18 – Balanced

Materials and Structures (2015) 48:1803–1813 1805



respectively 9 and 6 m for the input and the output bar,

respectively. Part of the first bar is used a pre-tension

bar while the rest is used as input bar (Fig. 3).

In order to measure incident, reflected and trans-

mitted pulses acting on the specimen screwed between

the two bars, both input and output bars have been

instrumented with strain gauges placed at 800 mm

from the specimen.

The present set-up has the following two condi-

tions, the bar diameter (10 mm) is smaller in compar-

ison with the pulse length (12 m), and the specimen

length is short so that the time taken by the wave to

propagate through the specimen is short compared to

the total time of the test. These conditions allow many

reflections inside the specimen necessary for reaching

a homogeneous stress and strain distribution along the

specimen gauge length, what means also equilibrium

of the forces acting on both ends of the specimen [6].

Being the two bars elastically loaded and having

fulfilled both the previous conditions, the one-dimen-

sional elastic plane stress wave propagation theory can

be applied to the input bar-specimen-output bar

system as it is widely reported in [6, 23].

Considering that A0 is the cross-sectional area of

output and input bars, A is the initial cross-sectional

area of the specimen gauge length portion, L is the

Fig. 2 Micrographs of B500A steel: a, b 6 mm diameter and c, d 8 mm diameter

Fig. 3 JRC-Split Hopkinson Tensile Bar installed at the

DynaMat Laboratory
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gauge length of the specimen, t is the time, C0 = (E0/

q)1/2 is the bar elastic wave speed, where E0 is the

elastic modulus of the bars and q is the bar density,

then the stress, the strain and the strain-rate in function

on the time are evaluated with the following equations:

rEðtÞ ¼ E0

A0

A
eTðtÞ; ð1Þ

eEðtÞ ¼ � 2C0

L

Z t

0

eRðtÞdt; ð2Þ

_eðtÞ ¼ � 2C0

L
eRðtÞ: ð3Þ

In Fig. 4 an example of both stress and strain rate in

function of the time, evaluated using the previous Eqs.

(2) and (3), are depicted. It is possible to observe that

in the plastic zone the strain rate remains nearly

constant.

4 Experimental results and discussion

The averaged tensile data at room temperature, such as

the ultimate tensile stress and uniform strain, fracture

stress and strain, yield stress as well as the reduction of

area at fracture are summarised in Table 2. As a result

of the high reproducibility of tests (Fig. 5), only three

tests for each strain rate have been performed.

The comparison between static and dynamic tests at

500 s-1 for samples obtained from the three different

diameters is reported in Fig. 6. As expected, in static

conditions, the ultimate tensile stress increases while the

fracture strain decreases with the decreasing of the

diameter, due to the cold forming process that

strengthen the material but with a reduction in ductility.

By observing the dynamic results it is possible to point

out that both the yield strength (fy) and the ultimate

tensile strength (ft) present an increasing with the strain-

rate. As a consequence, the strain rate has an important

effect not only on the fracture strain, but also on the

strength of the material. Another comparison is plotted

in Fig. 7, where tests at 250, 500 and 1000 s-1 are

reported for samples turned from the same bar (8 mm).

Because of the initial instability with upper and

lower yield point a conventional yield stress was

evaluated from the engineering stress versus strain

curves as the intersection point of the lines fitted to the

elastic and plastic regions of the curve.

In Fig. 8 the DIF of yield stress versus strain rate of

several steels are depicted [13, 26–31]. From this figure

can be observed how the steel with lower static yield

stress has higher strain rate sensitiveness than those with

higher static yield stress (indicated with filled symbols).

The experimental results have been compared with the

two existing relationships [8, 15, 16] able to provide

DIF for both yield stress and ultimate tensile strength.

Malvar [8], whose relationship was adopted in the
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Fig. 4 Stress and strain-rate versus time of a test at 500 s-1

Table 2 Static and dynamic testing results

d = 6 mm d = 8 mm d = 10 mm

Strain rate (s-1) 10-4 500 10-4 250 500 1,000 10-4 500

Yield stress (MPa) 586 728 ± 1 593 677 ± 3 717 ± 19 725 ± 18 555 677 ± 7

UTS (MPa) 652 748 ± 5 642 722 ± 10 744 ± 21 753 ± 20 579 695 ± 6

Uniform strain (%) 2.10 7.25 ± 1.2 2.51 6.35 ± 0.6 10.04 ± 2.0 6.41 ± 2.5 1.25 2.39 ± 1.3

Fracture stress (MPa) 400 409 ± 18 388 402 ± 17 395 ± 16 404 ± 12 331 334 ± 15

Fracture strain (%) 11.3 34.1 ± 2.3 12.3 28.7 ± 4.2 42.7 ± 6.4 34.8 ± 3.7 12.4 31.3 ± 1.4

Reduction of area (%) 64.50 66.50 ± 1.5 63.60 65.05 ± 1.7 66.87 ± 1.0 68.40 ± 0.7 68.20 69.03 ± 1.2
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Model Code 2010 [16], proposed the following formu-

lations, based on a review of the available studies in the

strain rate sensitiveness of reinforcing steels:

DIF(aÞ ¼ _e
10�4

� �a

; ð4Þ

a fy
� �

¼ 0:074 � 0:040 � fy

414
; ð5Þ

a ftð Þ ¼ 0:019 � 0:009 � fy

414
: ð6Þ

These formulations, for yield stress and ultimate

tensile strength, are valid only for strain rates ranging

from 10-4 and 10 s-1 and for 290\ fy\ 710 MPa.

The upper limit of 10 s-1 in [8] is due to the lack of

data for higher strain rates. In [16] has been adopted a

previous relationship in which the validity was
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extended to 103 s-1, but without any experimental

results basis.

In [15], based on the regression analysis of past

experimental results, several formulations for differ-

ent steel types were presented, providing DIF for both

ultimate tensile strength and yield stress. In case of

cold drawn reinforcing steel, the formulations were:

DIF fy
� �

¼ fy;dyn

fy;static

¼ 1 þ 6:0

fy;static

� ln
_e
_e0

; ð7Þ

DIF ftð Þ ¼ ft;dyn

ft;static

¼ 1 þ 7:0

ft;static

� ln
_e
_e0

; ð8Þ

where DIF(ft) and DIF(fy) are the ultimate tensile

strength and yield stress DIF, respectively, fy,static and

fy,dyn are the static and dynamic yield stress while

ft,static and ft,dyn are the static and dynamic ultimate

tensile strength, respectively, _e is the considered strain

rate and _e0 is the quasi-static strain rate.

In Fig. 9 is shown a comparison between the

obtained experimental data and the proposed formu-

lations (4–8) referred to the data from the 8 mm bar.

As shown before also in this case it is possible to

point out that the DIF of ultimate tensile strength is

lower than DIF of yield stress. Furthermore, the values

of DIF obtained by tests on specimens turned from

bars lower diameter (6 mm) were more marked with

respect to the ones from higher diameter (8 mm).

Considering that Malvar’s relationships are valid only

for strain rates range 10-4 B _e B 10 s-1 and for

290\ fy\ 710 MPa and in addition no particular

reference is reported for cold drawn steel, this

equation clearly overestimates the experimental DIF

obtained for yield stress, while it is quite acceptable

for ultimate tensile strength DIF. On the contrary, the

CEB bulletin [15] reports a specific relationship valid

for cold working reinforcing steels, and even if it is

valid only for strain rates up to 10 s-1, conduct to a

better approximation of our experimental data. In

conclusion, for a better estimation of experimental

data with strain rates higher than 10 s-1, another

equation should be reformulated.

The ductility can be also revealed by comparing the

reduction of cross-sectional area in necked region

observed after fracture of samples tested at different

strain rates (Fig. 10). Samples turned from bars with

higher diameter (d = 10 mm) show an higher ductil-

ity with respect to samples obtained from bars with

lower diameter (d = 6 and 8 mm). In addition, a slight

increase in ductility it is observed in samples from

10 mm bars as well as a remarkable increase in

ductility it is noted in samples from bars with smaller

diameters, which present a very similar behaviour.

Representative true stress versus true strain data

regarding samples obtained from different bar diam-

eters tested at 500 s-1, were reported in Fig. 11.
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In order to analyse the failure behaviour of B500A

steel, one test has been recorded by a Specialized

Imaging Duplex Ultra Fast Framing Camera with a

maximum speed up to 200 Mfps (Fig. 12), able to

record up to eight images without compromising on

shading or parallaxing with resolution 1,360 9 1,024.

In Fig. 13 the load versus time with the indication

of photos made by the fast camera is shown. The

failure’s photo reveal the ability of the camera, set to

take the picture every 5 9 10-5 s, to capture the

necking process.

The true stress versus true strain curve is regarded

as significant until the ultimate tensile stress (where

the necking begins), is reached. After this point, stress

localization and fracture propagation governs the flow

curve, which is no more representative of homoge-

neous mechanical properties of the materials. In this

case, beyond the point of ultimate strength in the

engineering stress–strain curve, the one-dimensional

true stress–strain curve should be reconstructed, by

calculating the true stress and the true strain using the

Bridgman formulae [32], which introduces the cor-

rection for the triaxial stress state. At fracture the

Bridgman formulae can be written as follows:

rtrue;fracture ¼
reng;fracture

1 þ 2R
a

� �
� ln 1 þ a

2R

� � ; ð9Þ

etrue;fracture ¼ 2 � ln
D0

2a

� �
; ð10Þ

where a is the minimum radius at fracture cross-

section, R is the meridional profile radius at fracture

neck and D0 is the initial diameter of the gauge length

cross section.

For the complete construction of the true stress–strain

curve during the necking deformation phase, a straight

line is drawn between the ultimate tensile strength

(uniform strain) point and the fracture point, the latter

determined by application of Eqs. (9) and (10).

A more refined determination of the true stress

versus true strain curve between the point of ultimate

tensile strength and the point of fracture based on the

fast recording has been performed [33]. At defined

increasing deformations levels, an optical measure-

ment of both the meridional radius at neck (R) and of

the minimum radius at neck cross-section (a), has been

carried out. Then, by using the Eq. (10), the true strain

values for the defined deformation levels have been

evaluated. Finally, using the couple of six load values

and diameters, taken at the time of the six photos, it has

been possible to evaluate the corresponding true

stresses.

In Fig. 14 the results of the described measurement

are shown, where it is possible to observe how the

linear trend well describes the necking process in true

stress versus true strain diagram. Subsequently it has

been demonstrated the good approximation of the

procedure which only exploits the Bridgman formulae

and the information given by the engineering curve

and by the measurement of the fracture geometry.
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5 Calibration of material constitutive relationship

The strain rate sensitivity could be predicted by

numerous constitutive equations available in litera-

ture. With these constitutive equations it is possible to

predict the dynamic behaviour in function of the strain

rate in order to assess a finite element analysis.

One of the common and widely used constitutive

equation (11), is proposed by Cowper and Symonds

[34]. This strain rate dependent elastic–plastic model

is able to relate the dynamic stress with the strain rate

by means of two constants D and q.

fdyn

fstat

¼ 1 þ _e
D

� �1=q

; ð11Þ

where fdyn is the dynamic yield true stress, fstat is the

static yield true stress, _e is the strain rate, D and q are

material parameters. An example of the goodness of

this constitutive model is represented in Fig. 15,

where a comparison between the experimental data
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and the Cowper–Symonds model for samples obtained

from d = 8 mm bars is reported. The obtained

parameter for the three samples obtained from differ-

ent diameters bare were reported in Table 3.

Another well-known constitutive equation (12) is

proposed by Johnson and Cook [35], that is a widely

used model able to describe the material strength in

numerical simulation of dynamic event. Even if this

model is based on three independent phenomena, the

isotropic hardening, the strain rate hardening and the

thermal softening, the influence of temperature will be

considered in a future planned analysis.

r ¼ Aþ B � ep

� �n� �
� 1 þ C � ln

_ep

_e0

� �� 	
� 1 � T̂m
� �

;

ð12Þ

where ep is the equivalent plastic strain, _ep is the strain

rate in the test under consideration, _e0 is a reference

strain rate, T̂ is a dimensionless temperature, while the

parameters that have to be determined from the

experimental results are A, B, and n in order to take

into account the strain-hardening, as well as C and

m that represent the strain-rate sensitivity and the

thermal softening, respectively.

The values of the above parameters are shown in

Table 3.

6 Concluding remarks

The behaviour in tension at high strain rates of the

commercial B500A grade high-strength reinforcing

steel produced by cold forming process was herein

investigated. The mechanical behaviour of the B500A

strongly depends on the drawing machine as well as on

the reduction factor of the diameter of original wire.

As expected due to the cold forming process, the

ultimate tensile stress increases while the fracture

strain decreases with the decreasing of the diameter.

A significant effect on the strength of the material

on both yield and tensile strength are obtained with the

increase of the strain rate.

By analysing the data on the reduction of cross-

sectional area in the necked region after fracture it is

possible to point out that samples turned from bars

with higher diameter present an higher ductility with

respect to samples obtained from bars with lower

diameters.

By means of a high speed framing camera a

verification of the well-known Bridgman formulae has

been performed. The obtained results shown how the

linear trend well describes the necking process in true

stress versus true strain plot.

Lastly, two of the common constitutive equation

proposed by Cowper–Symonds and Johnson–Cook,

and extensively used in many finite element computer

analysis were taken into consideration. The material

parameters were then evaluated from the experimental

data.

These results have highlighted that increasing the

strain rate will results in increases in strength capacity

of the reinforcing bar as well as occurs for concrete

both in tension and compression. The improved

capacities of the materials are reflected in the axial

and flexural capacity of the RC members. Concrete

confinement is positively influenced by the presence

of the transverse reinforcement with higher strength

capacity. Some drawback must to be taken into

account when the strain rate increases [36]. Due to

the significant increases of the material strengths the

formation of the plastic hinges may be delayed and

their location could be difficult to define. Another

undesirable effect consists in the possible shifting of

the failure mode from ductile flexural failure to a

brittle shear failure. Unfortunately very little is the

knowledge about the shear behaviour at high strain

rate about concrete, reinforcing bar and bond between

them. Future researches will be addressed to providing

reliable data on the aforementioned problems.

Table 3 Material parameters

Materials Johnson–Cook Cowper–Symonds

A (MPa) B (MPa) n (–) c (–) q (–) D (–)

B500A (d = 6 mm) 588.9 535.6 0.4561 0.01599 4.4677 525,444

B500A (d = 8 mm) 595.6 687.5 0.5995 0.01803 2.5198 25,361

B500A (d = 10 mm) 558.4 289.4 0.4972 0.03207 1.6574 5,574
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