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Portugal. Variacdo da sua tensdo de cedéncia com o diametro do varao

Abstract

The yield strength of the steel rebars is one of their essential
characteristics considered in the safety checking of reinforced
concrete structures. It may present substantial variations, due to the
influence of different factors.

This paper presents a statistical study of the yield strength R_ of
A500 steel rebars used in Portugal, from three different ductility
classes according to the Eurocode 2. The statistical distributions of
R_ are based on a very large collection of more than 30 000 test
results, obtained from 1994 to 2019. These rebars were produced
by several dozens of different manufacturers, mostly from foreign
countries.

The detailed data presented here, about the main statistical
parameters of the R_distributions and their variation with the rebars
grade and diameter, for instance, may be useful for different studies,
such as structural refurbishment projects to evaluate the safety of
existing structures, in their actual state or after their restoration.
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Resumo

Atensdo de cedéncia dosvardes de aco é umadas suas caracteristicas
essenciais consideradas na verificagdo da seguranca de estruturas de
betdo armado. O seu valor pode apresentar variagdes importantes,
devido a influéncia de varios fatores.

Este artigo apresenta um estudo estatistico da tenséo de cedénciaR_
de vardes A500 utilizados em Portugal, de trés classes de ductilidade
diferentes previstas no Eurocodigo 2. As distribuicdes estatisticas
de R_ baseiam-se num conjunto de mais de 30 000 resultados de
ensaios, obtidos entre 1994 e 2019. Estes var6es foram produzidos
por vérias duzias de fabricantes, maioritariamente de paises
estrangeiros.

A informacdo detalhada sobre os principais parametros das
distribuicdes estatisticas de R_ e sua variagdo com o tipo e diametro
dos varbes p.ex., podem ser Uteis em diversos tipos de estudos,
nomeadamente em projetos de reabilitacdo estrutural para avaliar
a seguranca de estruturas existentes, no seu estado atual ou apds a
sua reabilitacdo.

Palavras-chave: Betdo armado / Eurocodigo 2 / Vardes de aco / Tenséo de

cedéncia / Diametro / Analise estatistica
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1 Introduction

The European Standard EN 1992-1-1:2004 (Eurocode 2, Part 1-1) [1]
describes the principles and requirements for safety, serviceability
and durability of reinforced and prestressed concrete structures,
together with specific provisions for buildings. The Eurocode 2 (EC2)
applies to ribbed and weldable reinforcement. The application rules
for design and detailing in EC2 are valid for a specified characteristic
yield strength range, from 400 N/mm? to 600 N/mm?Z.

The Annex C of Eurocode?2 establishes the properties of
reinforcement suitable for use with this Eurocode. This Annex C
specifies three different ductility classes (A, B and C), but it does not
define any steel grades.

The requirements for the steel reinforcing bars (rebars) to be used
in reinforced concrete structures in Portugal are established in the
LNEC Specifications ([2], [3], [4]) which contemplate two different
strength classes (A400 and A500) and three different ductility
classes (ER, NR and NR SD). These three ductility classes correspond
to the three ductility classes specified in the Annex C of Eurocode 2
[1]: A (ER), B (NR) and C (NR SD).

The yield strength R_of the rebars may present substantial
variations, which depend on the grade of the steel rebars, on their
origin, on the manufacturing processes, on the sampling procedures,
on the diameter of the rebars and on the test methods used in its
assessment, for instance.

The statistical distribution of the rebars yield strength has been
studied by several authors from different regions of the world, such
as North America [5], Africa [6], Middle East [7], [8], Asia [9] and
Oceania [10]. However, in some cases, these studies were based
in relatively small samples of test results, which might not be
representative of the global distributions of the yield strength for all
the steel rebars used in those regions.

The National Laboratory for Civil Engineering (LNEC), located in
Lisbon, has ensured, along the last three decades, the technical
support for the periodic control of the manufacture of the steel rebars
used as reinforcements in concrete structures built in Portugal. Thus,
LNEC has collected a very large number of experimental results,
which provide representative samples of different characteristics of
these steel rebars. These results have been used to support statistical
studies about these characteristics, namely about the rebars yield
strength [11], [12], [13].

The steel bars used in a specific construction often come from a
single manufacturer and from a limited number of production
batches. For this reason, a detailed statistical study on the variation
of the rebars yield strength distributions with those factors may
help a better assessment of the range of the real values of the yield
strength used in a particular construction or in some reinforced
concrete members, for instance.

Besides its application on building refurbishment studies, the
information on these statistical distributions of the steel rebars yield
strength may also be useful for the reliability assessment of existing
or new constructions by means of probabilistic methods. It may also
provide an advantageous tool for theoretical studies, such as the
calibration of partial safety factors for these steel rebars.
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This paper presents a statistical analysis of the yield strength of
A500 steel bars, based on a very large collection of more than
30 000 yield strength values, obtained by the National Laboratory
for Civil Engineering (LNEC) between the years of 1994 and 2019,
in the frame of Certification Follow-up Audits of the steel rebars
manufacturing. These rebars have been produced by several dozens
of different manufacturers, most of them from foreign countries.

The differences between the statistical distributions of the steel
rebars yield strength, and between their parameters (average,
standard deviation and 5% characteristic values), are put in evidence
for steel rebars from the three different ductility classes mentioned
above (ER, NR and NR SD), with different diameters, made by
different manufacturers.

2  Variation of the A500 rebars yield
strength with their ductility class

As mentioned before, the Annex C of Eurocode 2 specifies three
different ductility classes (A, B and C), which correspond to the
ER, NR and NR SD ductility classes, respectively, defined in the LNEC
Specifications [2], [3] and [4].

The statistical distributions of the steel rebars yield strength values,
R, gathered by LNEC between 1994 and 2019, are quite different
from one ductility class to another, as shown in Figure 1.
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Figure1 Histogram of the yield strength values R (N/mm?)

obtained by LNEC and the manufacturers

The R_ distribution of the A500 ER cold-rolled rebars presents the
highest average value X and standard deviation value c. On the
other hand, the R_distribution of the A500 NR SD special ductility
hot-rolled rebars presents the smallest average value X and
standard deviation value o, which indicates a better quality control
of their manufacturing.

Table 1

A500 ER
welded fabric rebars

A500 ER
rebars

X‘S%
(N/mm2)

(N/mm?)

(N/m

535,8 5419 5273 533,0
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The R_ distribution of the A500 NR high ductility hot-rolled
rebars is closer to the one of the A500 NR SD rebars. Although its
average value X and standard deviation value o are larger than
those of the A500 NR SD rebars, the 5% characteristic values x,,,
of these two distributions are practically the same (522,1 N/mm?
or 522,6 N/mm?, respectively); both these x,,, values comply with
the minimum limit of 500 N/mm? stablished for these two grades
(2], [4].

The 5% characteristic value x,,, of the A500 ER rebars is 2% larger
than those mentioned before; therefore, it also complies with its
minimum limit (500 N/mm?) [3].

The experimental results presented in Figure 1 are supposed to
follow normal distributions. This hypothesis is supported by the very
large size of the results samples taken in account in these histograms
(more than 15 000 or 12 000 results, in the cases of the A500 NR
and A500 NR SD rebars, respectively).

According to this assumption, the 5% characteristic values x,,, have
been evaluated, for each R_distribution, with a 90% confidence level,
by means of equation (1), where X and o represent, respectively,
the average and standard deviation of the set of R_ values taken in
account for that distribution, and k., is a coefficient that depends
on the dimension n of this set of R_values:

Xsp =X —Kooyy O @]

Due to the large values of n used in this study, the X and o values
are supposed to be very close to the average and standard deviation
of the R_ distributions of the whole production of these rebars,
during the same period of time, by the same manufacturers.

In order to access the reliability of equation (1), for the evaluation
of the x,, values, these characteristic values have been evaluated
directly by means of the cumulated frequency of the observed R
values from each sample. The x”,,, value obtained by this procedure
corresponds to the R_value for which 0,05 n values of R_ from the
sample in question are less or equal than x°,. The comparison
between these x”,,, values and the x,,, values obtained by means of
equation (1) is presented in Table 1.

Table T shows that the estimation of the 5% characteristic values x,
by means of equation (1) gives a conservative approach of the x”,,,
values obtained directly from the cumulated frequencies of the R,
values from each sample. This conclusion sustains the validity of the
characteristic values presented along the following sections of this
paper, which have been evaluated by means of equation (1).

%

Comparison between the x,, and the x,,, values

A500 NR
rebars

A500 NR SD
rebars

522] 524,6 522,6
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3  Influence of the source of the experimental
data

The R_ test results presented in Figure 1 have been obtained by the
manufacturers, from their own checking tests, and by LNEC, from the
external supervision tests, in the frame of the periodic Certification
Follow-up Audits of the production of the steel rebars.

Since the testing laboratories, from the manufacturers and from
LNEC, have different technical operators, using different testing
equipment and different testing procedures (within the boundaries
of the same testing standard), the influence of the source of the test
results on the dispersion of the yield strength values, presented in
Figure 1, may be put in question.

In order to clarify this topic, Figure 2 shows a comparison between
the statistical distributions of the test results obtained by the
manufacturers and those obtained by LNEC, for the yield strength
of the A500 ER rebars. It should be mentioned that these cold-
rolled rebars do not usually present a yield plateau; hence, the yield
strength values indicated in Figure 2 correspond to the 0,2% proof

stress, R____, of these rebars.

ep0,2%

220

200 + M LNEC . Repo,2% (AS00ER) —

180

Lo O Manufacturers ”"" A(LNEC)=5039

140 O(LNEC)=36,5 — —

120 . —

100 X(Manufacturers)=590,9 —
80 o(Manufacturers)=34,7 —
60
40 il
20 T Repo (N/mim?)

0 -—v—v—v—v—v—r—v—v‘fﬁ—rfw‘urﬂrﬂmu |

oo oo o o o9
S 0o o a8 @S
T TS © © © ©

650
660
670
680

o
Iy
©

700
710
720

Figure2  Histogram of the R values obtained by LNEC or the

ep0,2%
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The examination of Figure 2 shows that, globally, the statistical
distributions of the test results obtained by the manufacturers or
by LNEC are very close to each other, which justifies their global
analysis, as presented in Figure 1. The relative difference between the
average values of these two distributions is only 0,5%, and their 5%
characteristic values are almost the same.
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Figure 3 Histogram of the R_ values obtained by LNEC or the
manufacturers for A500 NR rebars
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Figure 4  Histogram of the R, values obtained by LNEC or the
manufacturers for AS00 NR SD rebars

Figure 3 and Figure 4 present the same comparison, between
the statistical distributions of the test results obtained by the
manufacturers or by LNEC, for the A500 NR and A500 NR SD rebars,
respectively.

Once again, the two statistical distributions presented in each one
of these Figures are quite close to each other and their average and
5% characteristic values are practically the same.

Based on these conclusions, it is possible to assume that the source
of these experimental data (from the manufacturers or from LNEC)
does not affect their global analysis, which allows duplicating the
size of the samples analysed in the next chapter.

4  Examples of yield strength distributions
for different rebars diameters

As mentioned before, the R_ test results presented in Figure 1 have
been obtained by the manufacturers and by LNEC, in the frame of the
periodic Certification Follow-up Audits of the production of the steel
rebars. The statistical distributions shown in this Figure 1 include the
R, test results obtained for all the rebars diameters controlled in the
frame of these Certification Follow-up Audits.

Nevertheless, there are indications that the manufacturing
procedures may affect the R, values, depending on the rebars
diameters. This influence has already been studied by other authors
[5], [8], [10]; however, the effect of the rebar diameter on the yield
strength was not easily explained and it was not possible to establish
a clear relation between these two variables.

Hence, in order to study that influence, the main aim of this work
consisted in the assessment of the variation of the statistical
distributions of the R_ test results, and their main parameters, with
the rebars diameters.

Figure 5 shows the statistical distributions of the R, (R_,.,) test
results, obtained by the manufacturers and LNEC, for the yield
strength of the A500 ER rebars with diameters of 8 mm, 10 mm

and 12 mm.

First of all, it may be observed that some of these distributions are
quite different from each other and from the global distribution
presented in Figure 1, for the cold-rolled A500 ER rebars. Yet, the
relative differences between their average values are small (less than
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2%) and their standard deviations are reasonably close. Therefore,
their 5% characteristic values are quite similar (their relative
differences are also smaller than 2%).
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Figure 5

The fact that the histograms shown in Figure 5 present a multimodal
shape, not as close to a normal distribution as in the case of the
global distributions presented in Figure 2, may be related to the
smaller size of the corresponding samples of R_ test results and to
the consequent lack of diversity of these samples.

These histograms seem to result from the accumulation of different
partial distributions that may be associated to different origins
(manufacturers) of the rebars. The study of the combined influence
of the rebars diameters and their origin, on the main parameters of
the statistical distributions of the yield strength values of each type
of rebars, will be presented later in this paper.

Figure 6 and Figure 7 show the statistical distributions of the R_ test
results obtained for the same set of diameters (8 mm, 10 mm and
12 mm) as before, in the case of the A500 NR and A500 NR SD
rebars, respectively.

These figures show that, as regards these ductility classes, the
individual R, statistical distributions are much more similar to
each other and to the global distributions shown in Figure 1, for
the A500 NR and A500 NR SD rebars. In each case, their standard
deviations are very similar.
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Figure 6 Histograms of the yield strength values R_of A500 NR
rebars with diameters of 8 mm, 10 mm and 12 mm,
obtained by LNEC and the manufacturers
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Figure 7 Histograms of the yield strength valuesR_of A500 NR SD
rebars with diameters of 8 mm, 10 mm and 12 mm,
obtained by LNEC and the manufacturers

Therefore, the relative differences between their 5% characteristic
values are very small (less than 0,5%, for both the A500 NR and
A500 NR SD rebars).

Figure 8 and Figure 9 show the statistical distributions of the R_
test results obtained for the A500 NR and A500 NR SD rebars with
diameters of 16 mm, 20 mm and 25 mm.
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Figure 9 Histograms of the yield strength values R_of A500 NR SD

rebars with diameters of 16 mm, 20 mm and 25 mm,
obtained by LNEC and the manufacturers

Once again, the individual R_statistical distributions are quite similar
to each other and to the global distributions shown in Figure 1. The
standard deviations of these distributions are a bit larger in the case
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of the rebars with the largest diameter (25 mm) than in the case of
the other two diameters. Yet, the relative differences between the
5% characteristic values of these distributions are still very small
(around 1% for A500 NR rebars and less than 0,5% for A500 NR SD
rebars).

Thus, the R_ statistical distributions presented in these figures, for
these particular diameters, show that they are not significantly
affected by the rebars diameters, especially in the case of the hot
rolled A500 NR and A500 NR SD steel rebars. As it concerns the cold
rolled A500 ER rebars, these distributions presented some significant
differences, from each other and from the global distribution, which
may be explained by the reasons mentioned before.

5 Statistical main parameters of the yield
strength for different diameters

51  Potential applications of the yield strength
statistical parameters

The yield strength of the steel rebars is one of the main mechanical
characteristics considered in the safety checking of reinforced
concrete structures. The safety checking procedure is often based on
a comparison between the design values of the acting stresses and
of the yield strength of the steel rebars. The design value of the yield
strength is evaluated after the division of its characteristic value by
a partial safety factor. This characteristic value of the yield strength
should be based on only the reinforcement used in a particular
structure [1].

However, in practice, that characteristic value is not known and it is
taken as the nominal value R__of the yield strength given in the
rebars product standard, which is based on the long-term quality
level of production. In the particular case of the A500 steel rebars,
the nominal value of the yield strength is R, =500 N/mm? ([2],
3], [4]). This value is supposed to be equal or smaller than the R,

characteristic value of the rebars used in the structure.

In the lack of information about this R, characteristic value, it may
be interesting to have some detailed data about its variation with
the rebars steel grade, diameters and year of manufacturing. This
information may be used on structural refurbishment studies, to
evaluate the safety of existing structures, in their actual state or
after their restoration.

It may also be useful to have some information about other statistical
parameters of the yield strength distributions, such as their average
values and standard deviations, when using probabilistic methods
on the reliability assessment of existing or new constructions.

The statistical distributions of the R_ test results presented in the
previous chapter have been obtained by the manufacturers and by
LNEC, altogether. The charts presented in this chapter give detached
data about the statistical parameters of the distributions of the R,
test results obtained by LNEC or by the manufacturers, in the frame
of the periodic Certification Follow-up Audits of the production
of the steel rebars. These charts allow a comparison between the
variations of the yield strength with the rebars diameter, depending
on the source of the test results used on the R evaluation.
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5.2 Variation of the yield strength average values
with the rebars diameters

Figure 10 shows the average values X of the R_test results, obtained
by LNEC or by the manufacturers for cold-rolled A500 ER rebars
with diameters & from 5,0 mm to 16 mm.

In the case of the LNEC’s results, the maximum value of X s
631,8 N/mm?, for @=15,5mm, and the minimum value of X is
581,7 N/mm?, for @ =12 mm; so the maximum difference of X is
AX =50,0 N/mm?.

In the case of the manufacturers’ results, the maximum value of
X is 635,3 N/mm?, for @=5,5 mm, and the minimum value of
X is 5477 N/mm?, for @ =11 mm; their maximum difference is
AX =875 N/mm?.

Nevertheless, it should be stated that the sample size of the R,
test results available for the diameters of 5,5 mm, 11,0 mm and
14,0 mm is much smaller than in the case of the other diameters. If
these diameters were excluded, then the maximum differences of X
would be AX =36,1 N/mm?and Ax = 48,3 N/mm?, for the LNEC’s
and manufacturers’ results, respectively.

This fact puts in evidence the influence of the small size of test
results samples, which may lead either to an overestimation or to an
underestimation of their statistical parameters. This may be due to
the influence of the variations in the production processes, from one
manufacturer to another or from one production batch to another,
which is not entirely taken into account in the case of the smaller
samples.
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Figure 10 Average values of the yield strength Re (N/mm?) of
A500 ER rebars with diameters from 5,0 mm to 16 mm,
obtained by LNEC or the manufacturers

Figure 11 and Figure 12 show the average values X of the R_ test
results, obtained by LNEC or by the manufacturers for hot-rolled
A500 NR and A500 NR SD rebars with diameters @ from 6,0 mm to
40 mm. It should be mentioned that the sample sizes of the results
available for the diameters of 6,0 mm, 14 mm and 40 mm are much
smaller than those of the other diameters, for both these types of
steel rebars.

As it concerns the LNEC's results obtained for the A500 NR rebars,
the maximum value of X is 574,17 N/mm? (for @ = 8,0 mm) and
the minimum value of X is 554,7 N/mm? (for @ = 40 mm); so the
maximum difference of X is AX =19,3 N/mm?. As regards the
manufacturers’ results, the maximum value of X is 570,10 N/mm?
(for @ =8,0 mm), and the minimum value of X is 544,0 N/mm?,
(for @ = 6,0 mm); their maximum difference is Ax = 26,1 N/mm?Z.
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In the case of the A500 NR SD rebars, the maximum value of X
for the results obtained by LNEC is 583,3 N/mm? (for &= 14 mm)
and the minimum value of X is 529,6 N/mm? (for &= 40 mm); so
the maximum difference of X is AX = 53,6 N/mm?. The maximum
value of X for the results obtained by the manufacturers is
584,6 N/ mm? (for @ = 14 mm), and the minimum value of X
is 535,8 N/mm? (for @ = 40 mm); their maximum difference is
AX =48,8 N/mm?.

l;l}{(r;nm2 Average values of the yield strength (A500NR)
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Figure 11 Average values of the yield strength R (N/mm?) of
A500 NR rebars with diameters from 6,0 mm to 40 mm,
obtained by LNEC or the manufacturers

Table 2

A500 ER
Rebar

Diameter
(mm)

X

LNEC Xytanut ~ Xinec

(N/mm?) (N/mm?)

X
(N/mm2)

?g/gn m? Average values of the yield strength (AS00NRSD)
580
570 H LNEC
560 O Manufacturer
550 + ——
540 -
530 1 2002-2019
520 1 X(Man)=551,3
510 X(LNEC)=552,8
500 -

© @ S S 3 H] : & a 2 @(mm)

Figure 12 Average values of the yield strength R, (N/mm?) of
A500 NR SD rebars with diameters from 6,0 mm to
40 mm, obtained by LNEC or the manufacturers

Once again, the above extreme values of X may have been affected
by the smaller size of the test results. If the 6,0 mm, 14 mm and
40 mm diameters were excluded, then the maximum differences
for the A500 NR rebars would be only Ax = 14,9 N/mm? and
AX = 9,0 N/mm?, in the case of the LNEC's and manufacturers
results respectively. As for the AS00 NR SD rebars, the maximum
differences would be only AX =73 N/mm?and AX =4,9 N /mm?,
for the LNEC's and manufacturers results respectively.

Variation of the yield strength average values X with the rebars diameters

A500 NR A500 NR SD

Xntanut ™ XineC X\nec

(N/mm?) (N/mm?)

Xanuf ™ X IneC

(N/mm?)

5,0 599,3 -5,0 - - -
5,5 631,8 35 - - -
6,0 5979 -0,9 560,7 16,7 549,4 13
65 6178 65 = = =
70 5975 -3,5 - - -
75 6091 -9,5 - - -
8,0 586,5 04 574 3,9 555,6 -49
85 614,4 -19,4 - - -
9,0 598,9 77 - - -
95 6017 -0,8 - - -
10 589,3 -29 565,8 -23 555,0 38
12 5817 58 566,5 15 551,8 18
14 626,8 -5:8 561,7 -3,9 5833 13
16 594,8 -18;1 561,9 038 550,7 09
20 = = 559;1 2,0 554,3 13
25 - - 560,0 2,2 5483 47
32 - - 562,0 17 555,6 09
40 = = 554,7 15 529,6 6/

Max. Ax, 50,0 875 193 26,1 53,6 48,8
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The above results show that the variations of the yield strength
average values with the rebars diameters are much larger in the case
of the cold-rolled A500 ER rebars than in the case of the hot-rolled
A500 NR and A500 NR SD rebars. In the last case, the A500 NR SD
special ductility hot-rolled rebars have the smallest variations of the
yield strength average values with the rebars diameters.

Table 2 presents a list of the average values X .. of the R_test
results obtained by LNEC for each diameter, as well as the difference
X vt = X nec Detween the average values of the R_ test results
obtained separately by the manufacturers and by LNEC for the same
diameter.

Table 2 shows that the maximum difference AX ,, between the
extreme average values of the R test results obtained for each
diameter @, may be much larger than the difference X |, .~ X .
for a single diameter, which puts in evidence the influence of the
diameter on the average values X of the yield strength, when
compared to the influence of the source of these test results.

5.3  Variation of the yield strength standard
deviation values with the rebars diameters

Figure 13 shows the standard deviation values c of the R_test results,
obtained by LNEC or by the manufacturers, for cold-rolled A500 ER
rebars with diameters & from 5,0 mm to 16 mm.

As it concerns the LNEC'’s results, the maximum difference of o is
Ac = 48,6 N/mm? and, in the case of the manufacturers’ results, it
is Ac = 40,0 N/mm?.

However, if the R_test results regarding the 5,5 mm, 11,0 mm and
14,0 mm diameters are discarded, due to the smaller size of their
test results samples, as mentioned before in 5.2, then the maximum
differences of o would be Ac = 35,2 N/mm? and Ac = 24,3 N/mm?,
for the LNEC's and manufacturers’ results, respectively.

N/mm? Standard-deviationvalues of the yield strength (A500ER)
55
50 |
45 I W LNEC
20 M B
O Manufacturer

35
30
25 4
20 2000-2019
15
10 a(Man)=34,7
5 o(LNEC)=36,5
0

o wn o v o o v o v 9 Q 9 9 9

mmwwr\r\wwmmagg3£¢(mm)

Figure 13 Standard-deviation values of the yield strength R,
(N/mm?) of A500 ER rebars with diameters from 5,0 mm
to 16 mm, obtained by LNEC or the manufacturers

Figure 14 and Figure 15 show the standard deviation values o of
the R_ test results, obtained by LNEC or by the manufacturers, for
hot-rolled A500 NR and A500 NR SD rebars with diameters @ from
6,0 mm to 40 mm.

As it concerns the A500 NR rebars, the maximum difference of & is
Ac = 8,1 N/mm?, for the LNEC’s results, and Ac = 15,4 N/mm? for
the manufacturers’ results.
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In respect of the AS00 NR SD rebars, the maximum difference of o is
Ac =12,7 N/mm?, for the LNEC’s results, and Ac = 14,2 N/mm? for
the manufacturers’ results.

If the R_ test results regarding the 6,0 mm, 14 mm and 40 mm
diameters are discarded, due to the smaller size of their test results
samples, as mentioned before in 5.2, then the maximum differences
of o would be A =5,9 N/mm?and Ac = 6,2 N/mm?, for the LNEC's
and manufacturers’ results, respectively, in the case of the A500 NR
rebars. In relation to the A500 NR SD rebars, the maximum
differences would be only Ac = 5,2 N/mm? and Ac = 4,6 N/mm?,
for the LNEC's and manufacturers results, respectively.

The above results show that the variations of the yield strength
standard deviation values with the rebars diameters are much larger
in the case of the cold-rolled A500 ER rebars than in the case of the
hot-rolled A500 NR and A500 NR SD rebars. Furthermore, these Ac
variations with the rebars diameters may also depend on the source
of the test results, from LNEC or from the manufacturers.

NS/OI’YII’I’IZ Standard-deviation values of the yield strength (AS00NR)
25 [~ mLNEC
20 A |- O Manufacturer
15 + -
1994-2019

10

a(Man)=24,0
5 |- O(LNEC)=26,1
0 o

© © 2 9o 3 g R {8 8 g @(mm)

Figure 14 Standard deviation values of the yield strength R_
(N/mm?) of A500 NR rebars with diameters from 6,0 mm
to 40 mm, obtained by LNEC or the manufacturers

2l\;’/mmZ Standard-deviation values of the yield strength (AS0ONRSD)
2 m LNEC
0O Manufacturer
15 7
2002-2019
10
a(Man)=16,7
s O(LNEC)=18,7
0
e = S o 38 & R 5 g @(mm)

Figure 15 Standard deviation values of the yield strength R
(N/mm?) of A500 NR SD rebars with diameters from
6,0 mm to 40 mm, obtained by LNEC or the
manufacturers

Table 3 presents a list of the standard deviation values o, of the
R_ test results obtained by LNEC for each diameter, as well as the
difference o, . — G, between the standard deviation values of
the R_test results obtained separately by the manufacturers and by

LNEC for the same diameter.

Table 3 shows that the maximum difference Ac,, between the
extreme standard deviation values of the R_ test results obtained for
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Table 3
Rebar A500 ER
Dl(anr::;er O e Ot~ Olnec
(N/mm?) (N/mm?2)

50 32,3 =5,0
55 41,3 39
6,0 35,5 0,7
6,5 25,8 11
7,0 33,5 -3,6
75 51,2 -11,9
8,0 36,5 =35
8,5 36,6 6,0
9,0 23,9 85
9,5 15,9 2,4
10 42,6 -4,5
12 30,8 4,7
14 2,6 2,6
16 39,4 -5,6
20 = =
25 = =
32 = =
40 = =

Max. Ac,, 48,6 40,0

each diameter @, is usually larger than the difference ,, .~
for a single diameter, which puts in evidence the influence of the
diameter on the standard deviation values o of the yield strength,

when compared to the influence of the source of these test results.

5.4 Variation of the yield strength 5% characteristic
values with the rebars diameters

Figure 16 shows the 5% characteristic values x,,, of the R_test results,
obtained by LNEC or by the manufacturers for cold-rolled A500 ER
rebars with diameters @ from 5,0 mm to 16 mm.

As it concerns the LNEC’s results, the maximum value of x, is
620,1 N/mm?, in the case of @ = 14 mm, and the minimum value
of x,,, is 504,4 N/mm?, in the case of @ = 7,5 mm; so the maximum
difference of x,,, is A x,,, = 115,8 N/mm?.

In relation to the manufacturers’ results, the maximum value of x,,
is 607,7 N/mm?, in the case of @ = 14 mm, and the minimum value
of x,,, is 495,4 N/mm?, in the case of @ =11 mm; their maximum
difference is Ax,,, =112,4 N/mm?.

However, as mentioned before, the sample size of the R_ test results
available for the diameters of 5,5 mm, 11,0 mm and 14,0 mm is much
smaller than in the case of the other diameters. If these diameters
were excluded, then the maximum differences of x,, would
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G

LNEC

(N/mm?2)

26,2
24,6
21,7
25,6
22,5
26,8
26,0
29,8
8,1

Variation of the yield strength standard deviation values ¢ with the rebars diameters

A500 NR A500 NR SD

(o} G

LNEC

(N/mm?)

Oanut ~ Onec

(N/mm?)

GLNEC

(N/mm?2)

Manuf

-8,3 19,5 -49
-3,4 21,2 -4,9
-3,2 17,6 -0,1
-0,9 18,4 -3,2
-9,8 21,3 3,0
-1,7 16,0 -1,3
-1,4 16,6 -1,9
-1,6 20,0 -0,7
13 17,5 01
-4,2 8,6 1,5
15,4 12,7 14,2
be Ax., =59,8 N/mm?and Ax., = 62,0 N/mm?, for the LNEC’s and

5% 5%
manufacturers’ results, respectively.

Once again, this fact puts in evidence the influence of the small size
of test results samples, which may lead either to an overestimation
or to an underestimation of their statistical parameters.

N/mm?2
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5% characteristic values of the yield strength (AS00ER)

M LNEC

O Manufacturer

2000-2019

X5%(Man)=532,6
X5%(LNEC)=532,5

o n o n o n o un 9
BN 6 6 N N ® © o o @ (mm)

=<3
o
1

Figure 16 5% characteristic values of the yield strength R
(N/mm?) of A500 ER rebars with diameters from
50 mm to 16 mm, obtained by LNEC or the
manufacturers
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Furthermore, it is also relevant the fact that the variation of the
yield strength 5% characteristic values with the rebars diameters
is much larger than the one of the yield strength average values
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(see Figure 10). This fact is due to the influence of the variation of
the standard deviation values of the yield strength with the rebars
diameters (see Figure 13).

N/mm? 5% characteristic values of the yield strength (AS00NR)
540
535
W LNEC
530
O Manufacturer
525
520
515 e 2002-2019
510 - x5%(Man)=523,5
Y =
w05 | X5%(LNEC)=520,4
500 -
© ® E S 3 2 5 Q a3 g @ (mm)

Figure 17 5% characteristic values of the yield strength R,
(N/mm?) of A500 NR rebars with diameters from
6,0mm to 40 mm, obtained by LNEC or the

manufacturers

l;l‘{;nmz 5% characteristic values of the yield strength (AS00NRSD)
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Figure 18 5% characteristic values of the yield strength R,
(N/mm?) of A500 NR SD rebars with diameters from
6,0 mm to 40 mm, obtained by LNEC or the
manufacturers

Figure 17 and Figure 18 show the 5% characteristic values x,, of
the R_ test results, obtained by LNEC or by the manufacturers for
hot-rolled A500 NR and A500 NR SD rebars with diameters @ from

6,0 mm to 40 mm.

As it concerns the LNEC's results obtained for the A500 NR rebars,
the maximum value of x,,, is 525,3 N/mm? (for @ = 8 mm), and
the minimum value of x,,, is 499,2 N/mm? (for @ = 40 mm); so
the maximum difference of x, is 26,2 N/mm? As regards the
manufacturers’ results, the maximum value of x,,, is 535,71 N/mm?
(for @ =14 mm), and the minimum value of x,, is 505,2 N/mm?

(for @ = 6,0 mm); their maximum difference is Ax,, = 29,9 N/mm?,

In the case of the LNEC’s results obtained for the A500 NR SD
rebars, the maximum value of x,, is 540,5 N/mm? (for @ = 14 mm),
and the minimum value of x,,, is 511,8 N/mm? (for @ = 6,0 mm);
so the maximum difference of x,,, is 28,7 N/mm?Z. In relation to the
manufacturers’ results, the maximum value of x,, is 535,8 N/mm?
(for @ = 14 mm), and the minimum value of x,,, is 515,9 N/mm?,

(for @ = 40 mm); their maximum difference is Ax,,, = 19,8 N/mm?.

Once again, the above extreme values of x,,, may have been affected
by the smaller size of the test results. If the 6,0 mm, 14 mm and
40 mm diameters were excluded, then the maximum differences
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would be only Ax,, = 11,1 N/mm? and Ax,, = 10,9 N/mm? for the
LNEC’s and manufacturers’ results, respectively, in the case of the
A500 NR rebars. As for the A500 NR SD rebars, the maximum
differences would be only Ax, =11,9 N/mm? and Ax,, = 8,6 N/mm?
for the LNEC's and manufacturers results, respectively.

The above results show that the variations of the yield strength 5%
characteristic values with the rebars diameters are also much larger
in the case of the cold-rolled A500 ER rebars than in the case of the
hot-rolled A500 NR and A500 NR SD rebars.

of the

Table 4 presents a list of the 5% characteristic values x,,, .-

R, test results obtained by LNEC for each diameter, as well as the
difference X, .« = Xs,, e DETWEEN the 5% characteristic values of
the R, test results obtained separately by the manufacturers and by

LNEC for the same diameter.

Table 4 shows that the maximum difference AXey, between
the extreme 5% characteristic values of the R test results
obtained for each diameter @, is much larger than the difference
Xeoypamt — Xssoune 107 @ single diameter, which puts in evidence the
influence of the diameter on the 5% characteristic values x,,, of the
yield strength, when compared to the influence of the source of

these test results.

6 Influence of the origin of the rebars for
different diameters

6.1  Yield strength average values of rebars from
different manufacturers

It has been mentioned before that there are indications that the
manufacturing procedures may affect the R_ values, depending on
the rebars diameters.

In order to verify this eventuality, further studies have been carried
out to assess the influence of the origin of the steel rebars on the
variation of the main statistical parameters of the yield strength
distributions for rebars with different diameters.

Figure 19 shows the average values X of the R_test results, obtained
by LNEC and by the manufacturers, altogether, for cold-rolled
A500 ER rebars with diameters @ from 5,0 mm to 12 mm, made by
five different manufacturers, designated as FO39, F040, FO41, F043
and FO59.

The maximum value of X is 667,3 N/mm? (& = 6,0 mm) and the
minimum value of X is 5551 N/mm? (@ = 10 mm); so the global
maximum difference of X is AX =112,2 N/mm?.

For a specific diameter, the maximum difference between the
average values X of each set of yield strength values, corresponding
to a single manufacturer, is AX = 77,6 N/mm? (&= 6,0 mm), for the
manufacturers FO40 and FO59.

The minimum difference between the average values X of each set
of yield strength values, corresponding to a single manufacturer, is
AX = 4,4 N/mm? (@ = 7,5 mm), for the manufacturers F041 and
FO43. Yet, for this diameter @ = 7,5 mm, there are R_ test results
merely from these two manufacturers; when only the diameters
with R_ test results from the five manufacturers mentioned above

rpee | Série Il | n.° 21| margo de 2023



Steel bars complying with Eurocode 2 used in reinforced concrete in Portugal. Variation of their yield strength with the rebar diameter

Anténio Manuel Baptista

Table 4

A500 ER
Rebar

Diameter
(mm)

X X

5% LNEC

(N/mm?)

X,

5% Manuf ~ X5% LNEC

(N/mm?2)

5% LNEC

(N/mm?2)

Variation of the yield strength 5% characteristic values x,, with the rebars diameters

A500 NR A500 NR SD

X X X X

5% Manuf  * 5% LNEC 5% LNEC

(N/mm?2) (N/mm?)

5% Manuf 5% LNEC

(N/mm?)

50 5436 37 - _ _
55 534,2 75 - - -
6,0 536,9 19 505,7 06 511,8 81
6,5 564,2 42 - _ _
7,0 5317 45 - _ _
75 504,4 16,2 - _ _
8,0 5238 6,4 525,3 19 5194 34
85 538,3 319 = = =
9,0 5514 33,8 - - -
95 560,8 69 - - -
10 5145 53 521,2 31 5249 37
12 5271 13,8 524,7 01 5204 36
14 620;] 12,4 521,0 14 540,5 47
16 5077 13 518,4 37 523,4 14
20 - - 5207 4.4 5259 19
25 - - 514,2 50 514,0 52
32 - - 516,8 05 5247 1,0
40 - - 499,2 9,4 512,7 32
Max. Ax 115,8 12,4 26,2 299 287 19,8

5%,

are considered, the minimum difference between the average
values X of each set of yield strength values, corresponding to a
single manufacturer, is AX = 64,1 N/mm? (@ = 5,0 mm), for the
manufacturers FO40 and FO59.

N/mm?2 Average values of the yield strength (AS00ER)
A I 1994-2019
650
640 - TF039
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620 EF040
610
600 - OF041
590
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570
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Figure 19 Average values of the yield strength R, (N/mm?) of

A500 ER rebars with diameters from 5,0 mm to 12 mm,
made by the manufacturers F039, F040, F041, FO43 and
FO59

Figure 20 shows the average values X of the R_test results, obtained
by LNEC and by the manufacturers, altogether, for hot-rolled
A500 NR rebars with diameters @ from 6,0 mm to 32 mm, made by
five different manufacturers, designated as FO10, FO21, F028, F029
and FO30.
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Figure 20 Average values of the yield strength R, (N/mm?) of
A500 NRrebars with diameters from 6,0 mm to 32 mm,
made by the manufacturers FO10, FO21, FO28, F029 and
FO30

The maximum value of X is 597,6 N/mm? (& = 32 mm) and the
minimum value of X is 536,8 N/mm? (& = 6,0 mm); so the global
maximum difference of X is AX =60,7 N/mm?-.

For a specific diameter, the maximum difference between the
average values X of each set of yield strength values, corresponding
to a single manufacturer, is AX = 53,2 N/mm? (@ =32 mm), for the
manufacturers FO21 and F028.

The minimum difference between the average values X of each set
of yield strength values, corresponding to a single manufacturer, is
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AX = 8,5 N/mm? (@ = 14 mm), for the manufacturers F029 and
FO30. Yet, for this diameter @ = 14 mm, there are R_ test results
merely from these two manufacturers; when only the diameters
with R, test results from the five manufacturers mentioned above
are considered, the minimum difference between the average
values X of each set of yield strength values, corresponding to a
single manufacturer, is AX = 14,3 N/mm? (& = 20 mm), for the
manufacturers FO21 and FO28.

Figure 21 shows the average values X of the R_test results, obtained
by LNEC and by the manufacturers, altogether, for hot-rolled
A500 NR SD rebars with diameters @ from 6,0 mm to 32 mm, made
by five different manufacturers, designated as FO10, FO21, FO28,
F029 and F030.

The maximum value of X is 574,3 N/mm? (@ = 12 mm) and the
minimum value of X is 533,7 N/mm? (& = 6,0 mm); so the global
maximum difference of X is AX = 40,6 N/mm?.

For a specific diameter, the maximum difference between the
average values X of each set of yield strength values, corresponding
to a single manufacturer, is AX = 31,5 N/mm? (@ =12 mm), for the
manufacturers FO10 and F028.

The minimum difference between the average values X of each set
of yield strength values, corresponding to a single manufacturer, is
AX =10,3 N/mm? (@ = 8,0 mm), for the manufacturers FO21 and
FO28.

N/mm?2

) Average values of the yield strength (AS00NRSD)
5

1994-2019

0OF010
EF021
0OF028
OF029
OF030

X(A500 NR SD)=552,0

© o o o~ < © o 0 o~
1 o - =1 I ~ 12}

@ (mm)

Figure 21 Average values of the yield strength R (N/mm?)
of A500 NR SD rebars with diameters from 6,0 mm to
32 mm, made by the manufacturers FO10, FO21, FO28,
F029 and FO30

6.2  Yield strength standard deviation values
of rebars from different manufacturers

Figure 22 shows the standard deviation values o of the R_ test
results, obtained by LNEC and by the manufacturers, altogether,
for cold-rolled A500 ER rebars with diameters & from 5,0 mm to
12 mm, made by the same five different manufacturers mentioned
in 6.1, designated as FO39, F040, FO41, FO43 and FO59.

The maximum value of & is 52,1 N/mm? (@ = 10 mm), and the
minimum value of o is 4,4 N/mm? (& = 7,0 mm); so the global
maximum difference of ¢ is Ac = 47,7 N/mm?.

For a specific diameter, the maximum difference between the
standard deviation values o of each set of yield strength values,
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corresponding to a single manufacturer, is Ac = 458 N/mm?
(@ =10 mm), for the manufacturers F039 and F043.

The minimum difference between the standard deviation
values o of each set of yield strength values, corresponding to
a single manufacturer, is Ao = 0,9 N/mm? (& = 6,5 mm), for the
manufacturers FO41 and FO43. Yet, for this diameter @ =6,5 mm,
there are R_ test results merely from these two manufacturers; when
only the diameters with R_ test results from the five manufacturers
mentioned above are considered, the minimum difference between
the standard deviation values o of each set of yield strength values,
corresponding to a single manufacturer, is Ac = 14,2 N/mm?
(@ = 8,0 mm), for the manufacturers FO40 and FO41.

N/mm? Standard-deviation values of the yield strength (AS00ER)
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Figure 22 Standard deviation values of the yield strength R
(N/mm?) of AS00ER rebars with diameters from
5,0 mm to 12 mm, made by the manufacturers FO39,
F040, FO41, F043 and FO59

Figure 23 shows the standard deviation values G of the R_test results,
obtained by LNEC and by the manufacturers, altogether, for hot-
rolled A500 NR rebars with diameters @ from 6,0 mm to 32 mm,
made by the same five manufacturers mentioned in 6.1, designated
as FO10, FO21, F028, FO29 and FO30.
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Figure 23 Standard deviation values of the yield strength R
(N/mm?) of A500 NR rebars with diameters from
6,0 mm to 32 mm, made by the manufacturers FO10,
FO21, FO28, F029 and FO30

The maximum value of o is 33,8 N/mm? (@ = 16 mm), and the
minimum value of o is 4,3 N/mm? (@ = 32 mm); so the global
maximum difference of ¢ is A =29,5 N/mm?.

For a specific diameter, the maximum difference between the
standard deviation values o of each set of yield strength values,
corresponding to a single manufacturer, is Ac =243 N/mm?
(@ = 32 mm), for the manufacturers FO10 and FO30.
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The minimum difference between the standard deviation
values o of each set of yield strength values, corresponding to
a single manufacturer, is Ac = 9,8 N/mm? (@ = 6,0 mm), for the
manufacturers FO21 and FO30. Yet, for this diameter @ = 6,0 mm,
there are R_ test results merely from these two manufacturers; when
only the diameters with R_ test results from the five manufacturers
mentioned above are considered, the minimum difference between
the standard deviation values o of each set of yield strength values,
corresponding to a single manufacturer, is Ao =10,6 N/mm?
(@ =12 mm), for the manufacturers F021 and FO28.

Figure 24 shows the standard deviation values o of the R_ test
results, obtained by LNEC and by the manufacturers, altogether,
for hot-rolled A500 NR SD rebars with diameters @ from 6,0 mm
to 32 mm, made by the same five manufacturers mentioned in 61,
designated as FO10, FO21, FO28, FO29 and FO30.
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Figure 24 Standard deviation values of the yield strength R,
(N/mm?) of A500 NR SD rebars with diameters from
6,0 mm to 32 mm, made by the manufacturers FO10,
FO21, F028, F029 and FO30

The maximum value of & is 24,4 N/mm? (@ = 25 mm), and the
minimum value of & is 52 N/mm2 (& = 10 mm); so the global
maximum difference of & is Ac = 19,2 N/mm?Z.

For a specific diameter, the maximum difference between the
standard deviation values ¢ of each set of yield strength values,
corresponding to a single manufacturer, is Ac = 16,9 N/mm?
(@ =25 mm), for the manufacturers FO10 and FO30.

The minimum difference between the standard deviation
values o of each set of yield strength values, corresponding to
a single manufacturer, is Ac = 0,9 N/mm? (& = 6,0 mm), for the
manufacturers FO21 and FO30. Yet, for this diameter @ = 6,0 mm,
there are R_test results merely from these two manufacturers; when
only the diameters with R_test results from the five manufacturers
mentioned above are considered, the minimum difference between
the standard deviation values ¢ of each set of yield strength
values, corresponding to a single manufacturer, is Ac = 4,1 N/mm?
(@ =12 mm), for the manufacturers F021 and FO29.

6.3  Yield strength 5% characteristic values
of rebars from different manufacturers

Figure 25 shows the 5% characteristic values x,, of the R_ test
results, obtained by LNEC and by the manufacturers, altogether,
for cold-rolled A500 ER rebars with diameters @ from 5,0 mm to
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12 mm, made by five different manufacturers, designated as F039,
F040, FO41, FO43 and FO59.

The maximum value of x, is 629,3 N/mm? (& = 6,0 mm), and the
minimum value of x,,, is 500,1 N/mm? (& = 10 mm); so the global

maximum difference of x,,, is Ax,, =129,3 N/mm?.

For a specific diameter, the maximum difference between the
5% characteristic values x,, of each set of yield strength values,
corresponding to a single manufacturer, is Ax,, = 119,6 N/mm?
(@ = 6,0 mm), for the manufacturers FO40 and FO59.

The minimum difference between the 5% characteristic values
X, of each set of yield strength values, corresponding to a
single manufacturer, is Ax,, = 6,5 N/mm? (@ = 7,5 mm), for the
manufacturers FO41 and FO43. Yet, for this diameter @ = 7,5 mm,
there are R_ test results merely from these two manufacturers; when
only the diameters with R_ test results from the five manufacturers
mentioned above are considered, the minimum difference between
the 5% characteristic values x,,, of each set of yield strength values,
corresponding to a single manufacturer, is Ax,, = 67,4 N/mm?
(@ = 8,0 mm), for the manufacturers F039 and FO59.
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Figure 25 5% characteristic values of the yield strength R_
(N/mm?) of A500 ER rebars with diameters from 5,0 mm
to 12 mm, made by the manufacturers F039, F040,

FO41, FO43 and FO59

Figure 26 shows the 5% characteristic values x,, of the R_ test
results, obtained by LNEC and by the manufacturers, altogether,
for hot-rolled A500 NR rebars with diameters @ from 6,0 mm to
32 mm, made by five different manufacturers, designated as FO10,
FO21, FO28, FO29 and FO30.
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Figure 26 5% characteristic values of the yield strength R_(N/mm?)
of A500 NR rebars with diameters from 6,0 mm to
32 mm, made by the manufacturers FO10, FO21, FO28,
F029 and F030
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The maximum value of x,,, is 566,9 N/mm? (@ = 32 mm) and the
minimum value of x,,, is 493,9 N/mm? (@ = 10 mm); so the global

maximum difference of x,, is Ax,, = 73,1 N/mm?.

For a specific diameter, the maximum difference between the
5% characteristic values x,, of each set of yield strength values,
corresponding to a single manufacturer, is Ax,, = 51,8 N/mm?
(@ = 32 mm), for the manufacturers FO21 and FO28.

The minimum difference between the 5% characteristic values
X, of each set of yield strength values, corresponding to a
single manufacturer, is Ax,, = 2,7 N/mm? (& = 14 mm), for the
manufacturers FO29 and FO30. Yet, for this diameter @ = 14 mm,
there are R_test results merely from these two manufacturers; when
only the diameters with R_test results from the five manufacturers
mentioned above are considered, the minimum difference between
the 5% characteristic values x,,, of each set of yield strength values,
corresponding to a single manufacturer, is Ax,, =9,9 N/mm?
(@ =20 mm), for the manufacturers F029 and FO30.

Figure 27 shows the 5% characteristic values x,, of the R test
results, obtained by LNEC and by the manufacturers, altogether, for
hot-rolled A500 NR SD rebars with diameters @ from 6,0 mm to
32 mm, made by five different manufacturers, designated as FO10,
FO21, F028, F029 and FO30.

The maximum value of x,,, is 549,9 N/mm? (& = 12 mm), and the
minimum value of x, is 496,2 N/mm? (@ = 25 mm); so the global
maximum difference of x,,, is Ax, = 53,8 N/mm?.

For a specific diameter, the maximum difference between the
5% characteristic values x,, of each set of yield strength values,
corresponding to a single manufacturer, is Ax., = 49,9 N/mm?
(@ =25 mm), for the manufacturers FO10 and F028.

The minimum difference between the 5% characteristic values
X, of each set of yield strength values, corresponding to a
single manufacturer, is Ax,,, = 16,8 N/mm? (& = 32 mm), for the
manufacturers FO21 and FO30.
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Figure 27 5% characteristic values of the yield strength R,
(N/mm?) of A500 NR SD rebars with diameters from
6,0 mm to 32 mm, made by the manufacturers FO10,

FO21, FO28, FO29 and FO30

Table 5 presents a list of the maximum variations, for each rebar
diameter, of the yield strength average values X, standard deviation
values ¢ and 5% characteristic values x,,,. The values of X, c and x,,,
have been calculated separately for each set of test results, obtained
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by LNEC and each manufacturer, altogether, for all the rebars with a
same diameter, made by the manufacturer in question, between the
years of 1994 and 2019.

Table 5 shows that the maximum variations AX, Ac and Ax,,
between the extreme values of these parameters, within the full set
of manufacturers that made rebars with the diameter in question,
are always larger in the case of the cold rolled A500 ER rebars,
for any diameter. As it concerns the hot rolled A500 rebars, the
maximum variations of those parameters are almost always larger
for the A500 NR rebars than for the special ductility AS00 NR SD
rebars.

Furthermore, the maximum variations AX, Ac and Ax,,, between
two different manufacturers, may present large differences from one
diameter to another, as indicated in the last two lines of Table 5;
nevertheless, it was not possible to correlate them with the diameter
value.

Yet, the results obtained in the frame of this work (see Figure 25 to
Figure 27, for instance) have shown that the 5% characteristic values
X,,, of the rebars yield strength usually comply with its nominal
minimum limit of 500 N/mm? stablished for these three grades
(A500 ER, A500 NR and A500 NR SD) [2], [3], [4], as assumed in the
safety verification of the reinforced concrete structural members, no
matter the rebar diameter and its manufacturer.

7  Conclusions

The yield strength of the steel rebars is one of the main mechanical
characteristics considered in the safety checking of reinforced
concrete structures.

The yield strength of the rebars may present substantial variations,
which depend on the grade of the steel rebars, on their origin, on
the manufacturing processes, on the sampling procedures, on
the diameter of the rebars and on the test methods used in its
assessment, for instance.

The steel bars used in a specific construction often come from a
single manufacturer and from a limited number of production
batches. For this reason, a detailed statistical study on the variation
of the rebars yield strength distributions with those factors may
help a better assessment of the range of the real values of the yield
strength used in a particular construction or in some reinforced
concrete members, for instance.

This paper presents a statistical study of the yield strength of A500
steel bars from three different ductility classes (A500 ER, A500 NR
and A500 NR SD), which correspond to the ductility classes
(A, B and C) defined in the Annex C of Eurocode 2 [1]. The statistical
distributions of the yield strength of these rebars, used in Portugal
for reinforced concrete structures, were built from a very large
collection of more than 30000 yield strength values, obtained by
the National Laboratory for Civil Engineering (LNEC) between the
years of 1994 and 2019, in the frame of Certification Follow-up
Audits of these steel rebars manufacturing. These rebars have been
produced by several dozens of different manufacturers, most of
them from foreign countries.
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Table 5

Variations, for each diameter, of the yield strength average values X, standard deviation values ¢ and

5% characteristic values x,,, of steel rebars from different manufacturers

Rebar A500 ER
Diameter AX Ac AX
(mm) .
(N/mm?)  (N/mm?)  (N/mm?)  (N/mm?)

50 81,0 22,8 70,9 -
55 - - - -
6,0 18,4 30,7 19,6 233
6,5 60,9 09 617 -
70 64,0 15,7 439 -
75 55,5 32,2 12,1 -
8,0 90,7 447 128,9 76,7
8,5 49 40,0 83,4 -
9,0 49,0 175 813 -
95 - - - -
10 102,6 45,8 100,1 43,4
12 90,3 357 579 66,8
14 = = = 64,1
16 - - - 56,9
20 - - - 88,2
25 = = = 98,9
32 - - - 67,5
40 - - - 16,7

Max. Dif. 118,4 45,8 128,9 98,9

Min. Dif. 4,9 0,9 43,9 16,7

The global statistical distributions of the steel rebars yield strength
values are quite different, from the A500 ER cold-rolled rebars to the
A500 NR high ductility and the A500 NR SD special ductility hot-
rolled rebars. Yet, their 5% characteristic values x,,, are very similar,
and they all comply with the corresponding specified minimum limit
of 500 N/mm?.

The vyield strength test results have been obtained by the
manufacturers, from their own checking tests, and by LNEC,
from the external supervision tests, in the frame of the periodic
Certification Follow-up Audits of the production of the steel rebars.
In spite of the different technical operators, testing equipment and
testing procedures, the source of the experimental data does not
affect their global analysis, as shown by means of their relative
comparison.

Yet, a detailed comparative study has been carried out on the
variations of the average, standard deviation and 5% characteristic
values of the yield strength distributions obtained for each particular
diameter of the rebars.

The results of this comparative study have shown that the statistical
parameters mentioned above may, eventually, present very
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A500 NR A500 NR SD

Ac AXS", AX Ac
(N/mm?) (N/mm?)  (N/mm?)

(N/n;:nz)

(N/mm?)

9,8 6,8 25,8 4] 25,0
35]1 56,2 31,6 1,9 29,2
21,3 62,4 42,4 16,7 52,1
19,9 70,4 34,4 12,2 47,2
85 65,2 44, 79 30,4
28,0 72,2 32,2 10,6 32,7
29,9 90,5 211 1,9 28,4
28,8 106,3 47,5 18,4 79,0
32,2 76,6 54,3 13,5 57,4
28,2 49,1 11,9 10,9 13,4
35]1 106,3 54,3 18,4 79,0
8,5 6,8 1,9 4] 13,4

significant variations, from one diameter to another, especially in
the case of the cold-rolled A500 ER rebars.

It was also shown that the size of the available test results
samples may have a significant impact, since it may lead either
to an overestimation or to an underestimation of those statistical
parameters.

Finally, some further studies have been carried out to assess the
influence of the origin of the steel rebars on the variations of the
main statistical parameters of the yield strength values for rebars
with different diameters. It was found that the magnitude of these
variations, from one manufacturer to another, may also present
large differences, depending on the diameter in question.

In the lack of information about the real distribution of the yield
strength of the steel rebars used in a specific construction, the
detailed data about the statistical parameters presented in this paper
and their variation with the rebars steel grade and diameter may be
used on structural refurbishment studies, to evaluate the safety of
existing structures, in their actual state or after their restoration.

These data may also be useful when using probabilistic methods on
the reliability assessment of existing or new constructions.
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