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ABSTRACT

Fatigue of prestressing steel is studied according to fracture mechanics
principles. Initiation and propagation crack aspects are considered separate-—
ly and analysed experimentally. From the data obtained a theory is put
forward which predicts fatigue life of prestressing steel wires. Predictions
are compared with experimental results. Residual stresses in the wires are
also considered.
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INTRODUCTION

Eutectoid cold drawn steels wires are mainly used in prestressed concrete.

The importance of such material may be reckoned by its world production, over
10° tons. per year. Prestressed concrete is progressively more used for build
ing structures, which must withstand dynamic loads, such as earthquakes in
nuclear power plants, traffic loads in highway or railroad bridges, waves in
off-shore structures, etc.. In such applications, the fatigue behaviour of
prestressed concrete has to be included in a suitable design of the structure.

Despite the importance of the problem, the fatigue behaviour of prestressing
steel has been given very little attention in the past. The reason is the
general assumption that the stress ranges in the prestressing steel usually
fall below the values regarded as significant for fatigue (Price, Tricklebank
and Hambly, 1982; Taylor and Sharp, 1978) . Therefore most of the research
effort in the last decades has been centered on the fatigue behaviour of
plain concrete and reinforcing bars, and very little information is available
about the fatigue behaviour of prestressing steels.

Nevertheless this assumption may be unsafe if an overload causes cracking of
the concrete. When such cracks are not completely closed by the prestressing
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force, they magnify locally the stress oscillations in the prestressing
steel due to dynamic loads.Due to these oscillations a fatigue crack may be
initiated and grow in the steel wires. Thus the axial fatigue behaviour of
prestressing steel is a very important parameter for the dynamic design of
prestressed concrete structures.

On the other hand, in accordance with most prevailing Standards, the scarce
published data of prestressing steel fatigue do not adequately distinguish
between crack initiation and crack propagation. Recent requirements, in
particular the Model-Code (CEB-FIP,1978) issued by the CEB (Comité Euro-
International du Béton), still specifies for this material an endurance
limit from classical Wohler—type or S-N curves.

Recently, the authors have published the first experimental results of
fatigue crack growth in prestressing steel wires (Sanchez-Gilvez, Elices and
Valiente, 1982). The aim of this paper is to complement such research by
studying fatigue crack initiation in prestressing steel wires. From these
data a calculation method is developed which allows the prediction of the
fatigue life of a prestressing steel wire.

THEORY

The number of cycles at fracture N_ of a wire loaded cyclically in tension
at a constant stress range is considered as the sum of two terms

N =N+ Np (1)
where N, is the number of cycles for crack initiation, and N_ is the number
of cyclés for crack propagation, i.e. for crack growth from "initial crack
a , after initiation up to the critical crack depth a_, at which failure
occurs.

It will be assumed that the crack propagation law is the same for the whole
range of AK and a values, provided AK > AKth :

da _ n

an = C (6K) (2)
where the values of the constants C and n for prestressing wires were
measured previously (Sanchez-G3dlvez, Elic7s and Valiente, 1982) and are
11 x 10712 and 2.3 respectively if MPa m!/2and m/cycle units are used.

Propagation life N_ can be calculated by integrating equation (2) if
expressions of K for cracked wires are available. Integration limits will
be the critical crack size a which causes fracture for the maximum load
applied and the size a, of theScrack at the end of initiation process. This
will be defined below in a conventional manner from the physical condition
which is assumed for crack initiation.

For crack initiation, it will be assumed that a cyclic plastic strain must
appear at least in a region of about 100 pym, i.e. a crack will not be
created unless a plastic zone about 100 um. of size exists under cyclic
loading. This assumption has been introduced previously by other authors
(Forsyth, 1971), by assuming that the subcritical crack growth, i.e. for
crack depths below about 100 um., is controlled by the plastic strain range
applied to the specimen. According to this condition an initial effective
crack inmediately after initiation is considered which extends to the zone
where cyclic plastic strain has occurred.
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where r is the distance from the notch root and p the root radius.

is assumed to be the depth for which © equals the

The plastic zone size T el ot

i i i intensity range AK :
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zone size ry.
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For precracked wires, the following expression obtained from alflntte féggfn
calculation gives Ki as a mean value along the crack front (Valiente, .
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but independent of a/D if a/D < 0.15. Then, its mean Vv
considered in order to have a full range of KI:

fma (9
K, = 0.94 oV/na for % < 0.15

cture
The stress intensity factor of eq. (7) has shovn to be a good frare TS quice
parameter for prestressing steel wires, since its value at grici;ine o
independent of crack size. Therefore eaq (7) can be used to dete
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critical crack size a , by eauating its right hand side to the value at
fracture of KI’ KC, previously obtained.

For plain samples, the necessary condition of plastic straining may be
achieved even with a nominal applied stress below the yield cyclic stress,
because tensile residual stresses are present at the surface, as has been
measured recently by the authors (Elices, Maeder and Sanchez-Galvez, 1983).
Tensile residual stresses as high as 200 MPa may be found extending up to
about 250 pm. depth. In such a case the nominal stress plus the residual
stress may cause plastic straining at the surface, the plastic zone size
being about 250 upm. i.e. the order of magnitude required for crack initia-
tion.

EXPERIMENTS.
The material used is a commercial 7 mm. diameter cold drawn steel wire -in
the stress—-relieved state conforming to Euronorm 138. (ECSC, 1979). Its

chemical composition and mechanical properties are shown in Table 1.

TABLE 1. Composition and Mechanical Properties of Steel Tested

(64 Mn Si S P UTS 0.2%PS El RA K 1/2
% % % % % MPa MPa % VA MP&m
.78 .67 .21 .0l2  .022 1620 1400 6.5 40 108

The steel was patented by cooling from the austenitic condition in a molten
lead bath to produce fine pearlite, after which it was cold drawn in six
passes to achieve an overall reduction of about 667%. The drawn wires were
stress-relieved by normal practice involving exposure at about 400°C for a
few seconds.

Three types of specimen were employed in this research: plain specimens which
had their surfaces degreased; notched specimens which were machined from a
wire to a plate shape 2 mm. thick with a single U-shaped notch of different
root radii, and pre-cracked specimens in which a starter notch, about 1 mm.
deep was introduced with a jewellers saw and the fatigue pre—crack extended
to produce a flaw of about 1.5 mm. total depth.

Plain specimens have been used to determine the cyclic stress-strain curve.
In these tests a controlled strain wave is applied and the corresponding
stress wave recorded until it becomes constant. Then the mean value of the
strain wave is increased and a new stress wave obtained, etc. The number of
strain oscilations to achieve a constant stress wave has been ten. Plain
specimens have also been used in axial fatigue tests at constant stress
range to measure the number of cycles at fracture, for different stress
ranges and stress ratio less than 0.1.

Plate single notched samples have been used to obtain crack initiation data.
Tests on these specimens consist of cyclic loading in temnsion at constant
nominal stress range, low frequency and stress ratio less than 0.1. The
number of cycles at crack initiation was determined directly by observing

the polished surface of the specimen at notch root. A magnification 20X micro
scope was used for this purpose.

Finally, precracked samples have been used to measure the crack growth rate,
in axial fatigue. The compliance method was used to obtain a continuous
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record of the crack depth during the test.

All tests have been performed in air at 20 +1°C of temperature and a relati
ve humidity of 50+5%. Different wave forms and stress ratio ranging from 0.1
to 0.9 have been used.

RESULTS AND DISCUSSION

Figure 1 shows the cyclic stress—strain curve as well as the monotonic stress
—strain curve. As it can be seen, for stresses over 800 MPa aproximately
cyclic plastic strains are produced, although the material would be elastic

in a static test.
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Fig. 1. Monotonic and cyclic stress-strain curves for prestressing steel.

Figure 2 shows the S-N results for fracture of plain samples in which an
experimental fatigue limit of about 600 MPa is observed. This value agrees
with the minimum applied stress range which must be added to a residual
stress of about 200 MPa to achieve the necessary stress (800 MPa) to produce
a cyclic plastic zone (see Fig. 1) and cause crack initiation. Therefore,

the fatigue limit is determined by the crack initiation requirement provided
that the stress intensity range, inmediately after crack initiation, is high-
er than the threshold AKth'

Figure 3 shows the experimental results Log N. vs. log AKO for notched
specimens with different root radius. As it can be seen all the results fit
quite well with a straight line, showing the suitability of eq. (4) . Then
it is obtained

N. = 5.88-108 (ak )~3.1 (10)
s 2 o

. 1
where AKO has to be expressed in MPa m /2

Figure 4 shows the experimental results of fatigue crack growth rate vs.
stress intensity range. As it can be seen eq.(2) agrees fairly well with
the empirical results. Moreover no stress intensity range threshold is
observed above 8 MPa ml/2,
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Fig. 2. Experimental and predicted S-N curves for prestressing steel.
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Fig. 3. Crack initiation data for prestressing steel.

Equation (10) can be used now together with the K_ expression of eq. (9) to
predict the number of cycles for crack initiation in plain specimens.
According to the assumptions an initial crack size of 250 pm. has to be used.
For this crack depth the stress intensity range ?t fatigue limit may be calcu
lated by using eq. (9) and a value of 16 MPa ml/2 higher than AK_, , is
obtained. Thus, it is confirmed that the crack initiation requiremgnt is the
critical condition which determines the fatigue limit. Adding the number of
cycles for crack propagation obtained by integration of eq. (2) from eqs.(7)
and (9), the number of cycles at fracture can be determined. Figure 2
illustrates the curve obtained, for a stress ratio of 0.1, along with the
experimental results, and shows a good agreement between experiments and
theory.
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Fig. 4. Crack propagation data for prestressing steel.

CONCLUSIONS

At the first time fatigue of prestressing steel wires is studied on th ‘
basis of fracture mechanics concepts. Experimental results of crack initia-

tion and crack propagation in these steels are provided.

From these data a theory is presented which predicts the fétigue life of a
plain or flawed prestressing wire in tension. Thus, experlmental‘S—N curves
used in classical analysis of fatigue can be predicted from experimental .
data obtained in very little time. The curve corresponding to a stress ratilo
of 0.1 has been theoretically determined for a prestressing steel and
compares well with experimental results. The observed deviations can be due

to the intrinsic scatter of this type of test.

Finally, it must be pointed out the important effect that residual stresses
cause, in crack initiation, according to the theory. Initiation %1fe dep?nds
on the depth of the zone affected by residual stresses and classical fatigue

limit depends on the magnitude of these stresses.
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