Statistical analysis of mechanical properties eSpessing strands
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ABSTRACT: A statistical analysis othe mechanical properties of prestressing streused over the la:
decade in Portugal is presented. Data was colldoted a number of tensile tests carried ouLaboratério
Nacional de Engenharia Civ({LNEC) during the process of certification of tkeogroducts. Tests cover a
period from 2001 to 2009 and involve manufacturieeen several countries. This study examines the
variability of the most important mechanical prdms, compares the results obtained with the
recommendations of thBrobabilistic Model Codeas well as the Eurocodes, and proposes proklabilis
models for those properties.

1 INTRODUCTION land and Italy. However, as it will be seen, the
variability of the studied mechanical properties is

This study deals with the statistical analysishwéé relatively small, not justifying a separated analys
groups of samples of strands with nominal diameterby manufacturer.
of 13.0, 15.2 and 15.7 mm, which correspond to the Figure 1 shows a stress-strain diagram for a
nominal cross sectional areas of 100, 140 and 15§pical prestressing strand. As usual, the 0.1%fpro
mnY, respectively. All strands have nominal tensilestress will be denoted dy.1, the tensile strength by
strength of 1860 MPa and are all composed by ¥, and the corresponding elongation (total
wires. These have been the most commonly used glongation at maximum force) kgy. The modulus of
Portugal. elasticity will be denoted blg,. As shown in Figure

The samples refer to tensile tests performed, prestressing strands do not exhibit a distinety
between 2001 and 2009 liraboratério Nacional de point, which is typical of high strength steels,
Engenharia Civil (LNEC), Portugal. During this presenting, however, a slight inflection
period, over 500 tensile tests were carried outiHer corresponding to the hardening of the steel, before
3 families of strands mentioned above. Howeverreaching the maximum stress.
several of these tests refer to strands produaed fr o
the same heat. As it is well known, the variability
within a single heat is lower than the variability f, |
between different heats. Thus, for the purpose of]c 1
statistical analysis, only one test from each ket Po.1
chosen (at random), which reduced the sample to
131 tests.

For each of the 3 families of strands, the follow-
ing mechanical properties were studied: tensile
strength (or maximum stress), 0.1% proof stress,
total elongation at maximum force and modulus of
elasticity. However, it was found that the diffecen
in the mean of those properties between families wa |
of the same order of magnitude of its standardadevi ’0 1%
tions, which allowed us to consider the 3 famikss '
belonging to the same population. The 3 familied
were thus merged into a single population.

The strands tested came from manufacturers c¢1
different countries, including Portugal, Spain, iFha

igure 1. Typicastress-strain diagram for a prestressing strand.

As said above, the studied strands are all of the
860 grade, which has been clearly the most



commonly used in Portugal. The value 1860 (whicl8.1 Tensile strength

designates the grade) is termedminal tensile Ei : :
: igure 2 shows the histogram of the tensile stfengt
strength expressed in MPa (prEN 10138-1, 2009)1‘ g(With 8 bins) of thge 131 tests mentione%

and can be interpreted as the quantile 0.05 of t - :

- S reviously, as well as the valuesfphby year. As it
probablllty (_jlstrlbutlon off,, known generally by can be yseen the normal mogely %lits well the
characteristic value ano_l denoted ysuallyptay histogram V\,IhiCh agrees with the PMC

The_'purpose of this stydy IS 10 analyze. therecommendations and the prEN 10138-1 (2009). The
varlabll!ty of the most  important mechar_ncal coefficient of variation obtained is very low
properties of the prestressing strands and compare\, — 5 918 and lower than the one proposed 'by

with th_e_ (_:orresponding recommendations of thebMC (JCSS, 2001). PMC proposes = 40 MPa
llc:’I’Oba_bIhS'[IC Model = Code (JCSS, 2001). The '\ pich is 1496 higher than the value obtained in this
ollowing section briefly examines those study

recommendations. According to the parameters obtained
(u=1916 MPa; o= 35 MPa), the characteristic
value of f, can be estimated by, = 1916 -
1.645<35 = 1858= 1860 MPa, which satisfies the
specified value for the Y1860 grade. The estiméte o

Table 1 shows the recommendations of th(%‘\,;lkpgsmg directly the empirical distribution is 1861

Probabilistic Model Code(PMC) (JCSS, 2001)
concerning the tensile strengtfy, modulus of

2 RECOMMENDATIONS OF THE
PROBABILISTIC MODEL CODE

Regarding the graphic (b) in Figure 2, it can be
elasticity E, and the total elongation at maximum concluded that there is no trend on the tensile
Y Ep d strength f, during the period observed (2001 to

force &. As observed, PMC presents two,nnqy This figure also suggests that the sample is
expressions for the meanfgfone of which assumes . " ¢ ) itliers

constant coefficient of variation and the other

o . , 40 | |
constant standard deviation. This document gives no L= 1916 MPa ~Histogran]
indication about which expression one should use, 0=35MPa /-\ — Normal fit

being implicit that it should be used the one 39 Y-%%°
whichever is in the safety side. max = 2014 MF}( \

With regard to the 0.1% proof stress, PMC /
[\

recommends the modd} 1 = 0.8, which assumes

Frequency
N
(@)

a perfect correlation betwedgpn andfy 1. As it will
be seen, this model deserves some reservations.

[any
Q

Table 1. Recommendations of tReobabilistic Model Code
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3 STATISTICAL ANALYSIS 189800 2005 2010
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This section presents the statistical analysis of (b)

6F§'gure 2. Tensile strength (a) Histogram. (b) Values &f by

experimental values of tensile tests and produc Far. Each dot corresponds fo a tensile test

some considerations about its relevance for th
structural safety. It must be said that the stmesse

were computed for all cases dividing the forces3.2 The 0.1% proof stress
obtained from tensile tests by the actual crosg

; >The 0.1% proof stresko 1 is a parameter of great
sectional areas of the strands and not by the r.mm'nimportance for the structural safety and, to some
ones. In this way, the uncertainty in stressesiand

tional Id b ted extent, more decisive than the tensile streng#ifits
Cross sectional areas could be separated. In fact, the tensile strength is only achievedl&mge
strains, hardly reached even for ultimate limitesta



Figure 3 shows the histogram of the 0.1% proof3.3 Total elongation at maximum force
stress and its temporal variation (131 tests).

As it can be seen, the 0.1% proof stress h
greater variability @1 =51 MPa) than the tensile
strength ¢, = 35 MPa). In fact, the 0.1% proof

Total elongation at maximum force, undoubtedly an
a1‘7‘nportant parameter for the safety of structuregsd
not generally raise concerns since typical values o

stress is more sensitive than tensile strengtlgussc this parameter (mean value above 5%, as shown in
9 Figure 4) provide a rotation capacity of concrete

it depends on the measured modulus of.elastictﬂy Asections in plastic domain higher than what is
even the curvature of the stress-strain dlagrarrrewhenorma”y required in plastic analysis. Indeed, even

yielding starts. This finding raises a comment loa t for strains relatively high during tensioning (for

model fro1=0.89, proposed by PMC. In fact, xample strains of about 0.7%), the increase airstr
according to this model, the standard deviation Oﬁecessary to bring the steel to rupture would be
the 0.1% proof stress is smaller than that of th%%_oj% = 4.3%, which would correspond to very

tensile strgngth, contrarily to the (esults obtaine high levels of cracking and deformation in concrete
Later in this paper, a model for obtainifag from f,, Figure 4 shows the histogram of tisg for the

based on regression analysis will be Ioroloosed’hNh'Csample of 131 tests. Comparing the values obtained

allows overcoming this issue. . .(mean and standard deviation) with the
According to the above_ results, the characteristi ecommendations of the PMC. it can be concluded

vla léf&?,flﬂ)%lcga&pb; $ﬁgrr:::i%d bte)%vc\)/élé?l 1tzg2n:ea that these recommendations seem reasonable. The
: B ' r?1istogram, which appears relatively symmetrical,

value of fpi1 and the mean value of, is -
1702/1916 = 0.89 and the ratio between theirsupports the recommendation of PMC that suggests

hay . _ . a normal distribution. The graphic (b) shows no
characteristic values is 1618/1860 = 0.87. Thimrat temporal trend. On the other hand, the minimum and
is important in characterizing the steels ductisityd

o X aximum values observed did not seem to be
Is in accordance with the standard prEN 10138- utliers. It is noted that the available sample1(13

(2009). tests) satisfies the requiremegytz 3.5%, adopted in
A0 o0 P —— — Portugal (E453, 2002), which is also specified in
—E1MPa — Histogram prEN 10138-1 (2009).
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Figure 3. The 0.1% proof strefg.. (a) Histogram. (b) Values Year
of fo.1 by year. Each dot corresponds to a tensile test. (b)

Figure 4. Total elongation at maximum forge (a) Histogram.
(b) Values ofg, by year. Each dot corresponds to a tensile test.



3.4 Modulus of elasticity 3.5 Cross sectional area

Accurate knowledge on the actual value of theAccording to prEN 10138-1 (2009), the accepted
modulus of elasticity is important especially dgrin tolerance for the cross sectional area of strasds i
tensioning, since one of the criteria for contrali +£2% of the nominal value. The histogram presented
the actual prestressing force applied is baseden tin Figure 6 refers to a sample of 257 strands o2 15
comparison between measured and calculatesim, which meets this requirement. Note that in
elongations, which, of course, depends on therder to study the variability of the cross secion
modulus of elasticity. Regarding safety checkingarea there is no inconvenient in merging strands
this is a parameter of some importance only witHrom the same heat, because the diameter depends
respect to serviceability limit states, namelymainly on the work performed by drawing plants.
decompression limit state and crack widths, having\lthough the histogram refers to strands of 15.2
little effect on ultimate limit states, because whe mm, the coefficient of variation obtained for other
these are reached the steel are in general inigplasstrands, namely strands with diameters of 13.0 and
domain. 15.7 mm, was very similar.

Figure 5 shows the histogram of the modulus of In face of these results and the quality control
elasticity, as well as the temporal variation i th normally carried out by manufacturers and
observed period (2001-2009). The histograntostumers, it seems reasonable to adopt a normal
suggests that the normal model, as recommended byodel with mean equal to the nominal area and
the PMC, is adequate to descrigg For strands coefficient of variation of 0.01.
both the PMC and EN 1992 (2004) recommend an
average value of 195 GPa. The mean of the 131 tests e 14‘1 o

is higher than this value, although the differersce 50 7= 1.0 mn — Normal fit|
small. For the coefficient of variation, the PMC V=0.007

recommends 0.02, which corresponds to a standard . 40 min = 138 mri 7[\\

deviation 11% lower than the value obtained in this £ | max=143m# \

60,

—— Histogram

study (4.4 GPa). Thus, maintaining the usual 330
recommendation for the mean value equal to 195 &
GPa, the results show that higher standard dewiatio
should be adopted, closer to 5 GPa.
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Figure 6. Cross sectional area histogram for stawnith
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3.6 Correlation analysis

10 3.6.1 Correlation between 0.1% proof stress and
tensile strength
9 ‘ : Figure 7 shows the scatter diagram of poifytd.1)
80 90 200 210 220 regarding the sample of 131 tensile tests. A linear
odulus of elasticity,E_[GPa] . . :
P regression analysis was performed and the following
(@) regression parameters were obtained (Ang & Tang,
21 ‘ S 2007):
205 g ° ., ° 8 Lo =-543 MPa; S = 1.17;,6 = 32.1 MP.
S 200 ° 8 o g ° g The coefficient of determination &= 0.635, which
o, ., 8 ° 8 S corresponds to the coefficient of correlatjpr 0.80
w195 ° ° ° 8 ; ° and indicates very good correlation between those
o 8 ° e two parameters.
190 o ° o 1 Based on the above regression model, in case it is
0 ¢ o necessary to model simultaneougly: and fy, the
188 - 2005 2010 following probabilistic model is proposed:
Year fpo.1=-500+ 1.15 , + 3@ (1)

(b)
Figure 5. Modulus of elasticitl, (a) Histogram. (b) Values of \yherez ~ N(O, 1).
E, by year. Each dot corresponds to a tensile test. '



The standard deviation dfx can be seen as a

185 E(f ,,If )=-543.1372+1.1715 measure of the error in the estimfe= 1858 MPa.
1800 R2 o o e . P Let us compute this error.
R =0.63466 o Posterior probability distributions fors and

2 o can be found in texts such as Bernardo & Smith
(2000) and Paulinet al (2003). According to those
references, the parametgris t-distributed andd®
follows a inverted gamma distribution. Using those
distributions and assuming independence between
o’ a sample offox was generated (Monte Carlo
Method) from which the mean and the standard
o o deviation was computed. The meanfgfis 1858
155 ‘ ‘ ‘ ‘ ! MPa and the standard deviation is 4.8 MPa, which
00 185(%ensi1|§%?ren %r?SFMPa]ZOOO 2050 vyields a relative error of 4.8/1858 = 0.3%. Sinicis i
g, a very small error, this means that the vailue=

165

160

0.1% proof stressz‘bo.1 [MPa]

Figure 7. Scatter diagram of points {o.)- 1858 MPa can be considered very close to the true
value.
, , The quantile 0.05 of,x was also computed and
3.6.2 Correlation between total elongation at the value 1850 MPa was obtained. So. the

. maximum force and tensile strength probability that the true value dfx is above 1850
Figure 8 shows the scatter diagram of poifyise).  \pa is 0.95. Since 1850 is close to 1858, this show
As indicated, the coefficient of determination iStnat the distribution of, is quite narrow or that the
Re= 0.024, which corresponds to the coefficient ofncertainty infok is small. This can be appreciated in
correlationo = 0.15. From a practical point of view, gigyre 9, which plots the posterior distributiontioé
these results show thag andfy, can be considered characteristic tensile strengfh, together with the
independent. predictive distribution of the tensile strendh

7 It is interesting to note that the Bayesian 0.05-
ngu |f,) =2.651 +0.0016297 ° quantile of fyc (1850 MPa) coincides with the
- R7=0.024048 ° corresponding classical lower limit of the one-side
tolerance interval — confidence level of 0.95 and
probability coverage of 0.95 (Montgomery &
Runger, 2007; ISO 12491, 1997).
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Figure 9. Bayesian probabilistic models fgrandf,.
Tensile strengthf, and its characteristic valu
were analyzed in sub-section 3.1. Since it was
assumed thaf, follows a normal distribution, i.e. 5 CONCLUSIONS
fo ~ N(i, 0), an estimate of,x was computed using
the following expression: The present study made it possible to appreciae th
low variability of the mechanical properties of
fok = 4 -1.640 (2)  prestressing strands, which, of course, benefits th
safety of structures. The highest variability was
obtained for the elongation at the maximum force,

. . . hich revealed a coefficient of variation of about
According to the Bayesian paradigm the paramete S . L
4 and Jg are m())/delledpas rgndom pvariables .06. For the remaining properties, the coefficiaint

(Bernardo & Smith, 2000). Sindgx is a function of variation obtained was lower than 0.03.
M andg, it follows that fy is also a random variable.

Remember that considering point estimatesgfor
and o, the estimatd, = 1858 MPa was obtained.



The Bayesian analysis showed that the estimatéernardo J.M. & Smith A.F.M. 200@Bayesian TheoryJohn

of the characteristic tensile strength can be Wiley & Sons.

: : " 53:2002. Prestressing steel strands. Characteristics and
considered accurate. Since the standard dewaﬂo%tests«n Portuguese). Especificacio LNEC.

for Othe_r mechanical prOpe_rt'eS are also Sma"_s thign 1992-1-1: 2004Eurocode 2: Design of concrete structures
conclusion can be also applied to those propefities. - part 1-1: General rules and rules for buildingSEN,
addition, it is believed that the sample at hansldna  Brussels.

reasonable representativeness, so that it can g0 12491: 1997 Statistical methods for quality control of

et ; building materials and components International
proposed probabilistic models for the main Organization for Standardization, Switzerland.

mechanical properties of prestressing Strands'e-l_ab\IJCSS. 2001 Probabilistic Model Code. Joint Committee on

2 summarizes the models proposed. Structural Safetyhttp://www.jcss.ethz.ch, 12-th draft.
Montgomery D.C. & Runger G.C. 200&pplied Statistics and

Table 2. Proposed probabilistic models for prestnesstrands probability for engineers John Wiley & Sons, fourth

of the Yf, grade {« = characteristic tensile strength). edition.

Variable Unit  Mean Std. devV  Distrib. Pauhno. C.:.D.., Turkman M.A. & Murtglra B. ZOOaneS|an_

Statistics(in Portuguese). Fundacdo Calouste Gulbenkian,

fo MPa  fy+ 1.645%35 35 - Normal Lisboa.

foo.1 MPa 0.8, * 50 - Normal prEN10138-1: 2009 Prestressing steels - Part 1: General

& - S% 0.4% - Normal requirementsCEN, Brussels.

E GPa 195 S — Normal  ,EN10138-3: 200%Prestressing steels - Part 3: Strar@EN,

A any Nominal value - 0.01 Normal Brussels.

* When it is necessary to model simultaneougly andf,, Eq.
(1) can be used.

The proposed models were based on the results
obtained for strands of the Y1860 grade. However,
taking into account the quality control typical for
this kind of product, we believe the same model can
be applied to strands of other grades.

It was demonstrated that the correlation between
0.1% proof stress and tensile strength is strong. |
fact, these parameters cannot be considered
independent from each other. On the other hand, the
correlation between tensile strength and total
elongation at maximum force can be neglected.

Finally, as a last comment, it should be
emphasized that the proposed models were the result
of tests performed between 2001 and 2009. During
this period the mechanical properties studied did n
show any trend. However, for purposes of
assessment of existing structures, the models ghoul
be verified, especially if the steel have been
produced in a period outside the period analyzed.
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