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Abstract

Fatigue under variable amplitude loading is currently assessed by applying the
Palmgren-Miner linear rule in structural standards. However, this linear rule is
inadequate in natural scenarios with coupled fatigue and corrosion effects, because the
coupled corrosion-fatigue process synergistically accelerates deterioration. In view of
the absence of specifications for the coupled fatigue-corrosion effect in structural
standards, the objective here'is to develop a simple and practical correction factor that
will ensure a conservative linear summation of damage, taking the corrosion-fatigue
effect into account. The theoretical consistency and the feasibility of the new adapted
rule are tested in‘a case study.
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Highlights

. Review of linear and non-linear rule approaches to coupled corrosion-
fatigue damage.

. Non-linear approach suitable for coupled corrosion-fatigue processes.

. Linear-rule determination of acceleration factor for equivalent damage.

. Linear-rule for coupled corrosion-fatigue effect considering structural
reliability.

. Demo-case upholds simplicity and suitability of a representative structural
element.

1. Introduction

A state-of-the-art examination of the fatigue life of welded structures in corrosive
marine environments that seeks to identify corrosion fatigue in structural details is



described in certain offshore standards, such as DNV-OS-J101 [1], DNV-RP-C203 [2]
and BS EN ISO 19902 [3]. However, since the aforementioned standards have been
applied to the design of offshore platforms and wind-turbine generators, some
engineers may wish to extend the scope of these techniques to inland structures. See

[4].

Nevertheless, fatigue in the structural details of civil works, buildings, and industrial
facilities is described in the standards of both the Eurocodes, in Europe [5], and the
AISC, in the USA [6], which have become global references. Thus, even considering
that offshore platforms and aerogenerators had equivalent structural details [],
especially with regard to geometries, without considering steel grades and welding
procedures, as per the corresponding standards, such an approach would present
several drawbacks. Namely:

a) Inland structures up to 5 km from the coast are exposed to corrosive atmospheric
conditions, even though they are less corrosive than offshore-marine environments.
In addition, there are several other electrolyte sources, such as de-icing salts, traffic
emissions, chemicals in and nearby industrial facilities, chlorides in swimming pools
and water processing plants, and biological corrosion, among others (exposure
classes that are well defined in the standards). The notion that the provisions for
off-shore platforms could be applied to inland structure is neither suitable nor
reasonable; in many cases, it would be too conservative and onerous on the
budget, while in others it would simply be unsafe. Feasibility case studies
developed in this paper on corrosion following the exposure of rebars to marine
environments provide useful-information for demonstration purposes. However, in
consideration of the range of steel grades in inland structures and the
environmental conditions to_which they are exposed, an engineer will need to
assess corrosion rates with'more flexible parameters.

b) Specific frequencies will also vary: for example, the Davenport spectra (and
derivatives) can be valid for wind throughout the service life of a structure, with a
mean frequency equal to the square root of the 4™-order moment divided by the
2"-moment of the Power Spectral Density function in the frequency domain, when
considering stationary and ergodic fatigue loading process (as with waves). In
cases where structures are subjected to different sources of loading, the
stationarity and ergodicity of the process is compromised and cannot be considered
in Gaussian terms. Corrosion is time dependent and fatigue is cycle dependent, so
process frequency is therefore crucial. The corrosion process in structures
subjected to lower frequencies (i.e. loading peaks produced by a passing train) is
dominant over fatigue in corrosion-fatigue, while in others with higher frequencies
(i.e. aerogenerators), fatigue is dominant, as the corrosion depends on long-term
chemical reactions. Thus, all things considered, engineers will need to apply very
flexible parameters for frequency in their designs.

c) Moreover, loading sources will differ from one structure to another, resulting in
different stress cycles. The main design guideline for a high-rise building could be
seismic-related, while traffic loads would be essential for the design of road
bridges, and gantry crane loads in the design of industrial facilities. Hence, non-
Gaussian histograms with very few cycles would be used at higher ranges and the
vast majority of cycles at lower ranges, where corrosion is the most damaging



mechanism. In other words, an engineer will find heavier structural details in
several inland structures that have been overdesigned for dominant loading (500
return period seisms and 50 return period storms), which have to endure very low
stress range cycles from other loadings and, much more occasionally, intensive
cycles. Nevertheless, within the same structure, other structural details that are not
designed to resist such dominant loads could suffer higher stress ranges from the
same loading values. Therefore, an engineer will need flexibility to consider several
stress ranges for different structural details.

d) Finally, the service life of different structures is also a point to consider in
deterioration processes. While a bridge or hospital design life is up.to 100 years,
the building’s life might be 50 years and an aerogenerator could be half as long.

Hence, current structural standards for inland structures [5, 6] incorporate the
assumption of sufficient corrosion protection, although in other cases the provisions fall
outside of the desired scope. According to the recommendations of the aforementioned
standards, the fatigue damage of each structural detail is derived by means of S-N
curves [7] and accumulated by the Palmgren-Miner [8, 9] linear rule. This method is not
the most accurate, but is feasible and practical for structural engineers with no
specialization in fatigue, and sufficiently conservative to be safe. However, at the end
of the day, in the presence of a corrosive environment, there are no alternative rules,
and some engineers may tend to design for inert environments and simply gloss over
the problem.

Thus, an accelerating coefficient determination method is presented in this
manuscript, to take into account corrosion within the same paradigm of the S-N curve |
[7] plus the Palmgren-Miner[8, 9] linear rule. Its added value is that it enables safer
fatigue forecasts, by considering the corrosiveness of the environment, while keeping
knowledge transfer to-the sector and ease of adoption both feasible and practical. A
coefficient taking into account:

e Corrosion kinematics, by means of a corrosion rate;

¢ Mean frequency of the process;

e Structural detail geometry, by means of geometry factor;
e Stress ranges;

e Steel grades, by means of Paris Law constants, the Griffith’s threshold, and critical
values; and,

e Service life.

Besides, this method described in this manuscript presents an open rather than a
closed solution, which can be enriched by further findings in terms of corrosion
kinematics, corrosive scenarios, steel grades, and loading combinations, among
others. It is a method with which an accelerating coefficient may be derived from the
available physical knowledge. Rather than a false conclusion based on further research
yet to be completed, it responds to the need for a practical and feasible method for the
progressive incorporation of research findings.

Fatigue damage, as mentioned above, is widely assessed with the Palmgren-
Miner [8, 9] rule. However, fatigue depends on many factors such as the stress range,



the sequential order of cycles and the corrosive environment, which are not factored
into a linear approximation. Consideration of these effects would require a non-linear
rule, which is quite complex and therefore less practical. In a previous work [10], a
disorder-pushing factor was defined, to consider the sequential order effect in the
Palmgren-Miner rule. Continuing along those same lines, a corrosion-pushing factor for
the estimation of corrosion-fatigue is now presented in this paper. Hence, since the
effect of corrosion on fatigue strength of metallic materials depends also on load level
as well as type of loading, i.e. constant versus variable amplitude loading, the influence
of this variable needs to be analyzed in depth in future works.

Corrosion fatigue models [11, 12, 13, 14] have been developed in recent research.
Nevertheless, the difficulty of the solutions to such equations has halted any further
practical development in the community. Among the first of such models, FATOXFLU
[15] divides the fatigue process into two stages: micro-initiation.and micro-propagation,
considering only corrosion in the first one.

When corrosion fatigue occurs over some cycles, the crack size will increase due
to two sources: mechanical propagation and corrosion pitting. The first relates with the
cycles of loading and the second with the time that elapses during those cycles, while
under constant electrolyte presence. Therefore, mechanical propagation and corrosion
pitting are related by means of load frequency. It is evident that the only possible effect
in a process with a frequency of O is corrosion, while the corrosion effect would be
negligible in processes with very high frequencies. Hence, as the loading frequency
decreases, there is a lengthier time between cycles for corrosion reactions and ion
transfer, which increases the crack propagation rate [13, 16, 17, 18, 19]; and the
opposite also holds true.

Thus, considering both the Paris Law [20] and the Giriffith’s threshold [21], the crack
propagation rate for a plain metallic sheet loaded at a given tensile stress with a central
initial crack (2-a) can be estimated from eq. (1). Then, after integrating this equation,
the final crack size can be obtained from eq. (2)

da
=A- . m 1
IN A (Ao -Vma (1)
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0

Where (a) is the crack size, (A) and (m) are the material constants, (N) is the
number of cycles, (Ao) is the stress range, (Ny) and (Ny) are the initial and final amount
of cycles, and (ap) and (aj) are the initial and final crack sizes.

If the corrosion process stops at a certain crack size, the crack will propagate due
to mechanical growth defined in eq. (2). Moreover, if the mechanical process ceases,
the corrosion process will follow its own kinematics, such as the one presented in eq.
(4). Hence, if the coupled fatigue-corrosion process is interrupted, the metal will be
repassivated and a new mechanical fatigue process will start, at which point the final
crack size of the process that had been interrupted would be the initial crack size of the
process that was recommencing, following eq. (2).

Now, it may be said that the corrosion effect pushed the process of mechanical
fatigue, increasing the number of effective cycles, as plotted in Figure 1. The crack



propagates from A to B, as described in eqg. (3), as the mechanical cycles, (ANy),
increase, over a total time lapse, (At), at a known frequency, (f). During this time, the
corrosion contributes to crack propagation at a certain corrosion rate (v¢), from B to B’,
as defined by eq. (4) and depicted in Fig.1. At this point, the total crack size (Aa;) can
be calculated with eq. (5). Thus, starting with the same crack size, if the fatigue
process were strictly mechanical, the total crack size growth (Aa;) would be achieved at
(ANy), at point C. Hence, the final crack size, as in eq. (6), can be found in combination
with eq. (2), (ANy) at point C; see eq. (7). Then, the cyclic loading period will start at C,
with a higher crack size growth rate, which precisely reflects the synergic effect of
corrosion fatigue.

2 —m m 2—_m2/2—m
a4 = |— erﬂ”n/%AMn+%2
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Figure 1 Cyclic pushing effect, due to synergic corrosion fatigue.

The following observations may be verified in Eq. (7):

With no corrosion v.=0, it would therefore follow that AN:=AN.

As f increases AN, decreases, which as previously mentioned is consistent
with physical observations and closer to AN,,.

A Corrasion Pushing factor is defined in eq. (8). This factor will be closer to
the real fatigue-corrosion situation with shorter intervals between cycles.

AN,

FCP = m (8)

Fcp is higher in the initial stages of the corrosion fatigue process, in
accordance with the predictions of the FATOXFLU model [15]. FATOXFLU
defines a micro-initiation stage, in which the mechanical process is less
intense, hence, the corrosion pushing factor is stronger.

Regarding the variation of corrosion rate, or even the repassivation of the
element, from the point of view of the structural safety, there are two
approaches. The first one, more conservative, is to consider an upper
bound of corrosion rate and do the calculations with that one taken as
constant for the whole process. The second one, more accurate, to
discretize the process in blocks of cycles and consider the corrosion rate
constant block by block. Nevertheless, as already said, the corrosion
contribution is critical in early stages of the process and almost negligible
near the end.



2. Theoretical generalization

All the previous equations have been developed for the simplest general case with
an initially defined crack size (2-a). However, the initial crack size in real situations is
not defined and the equations must therefore be adapted by the addition of a
geometrical factor. Besides, that simple case was based in tension stress process,
namely fracture mode I, but the methodology could be analogously applied to the other
modes Il and Il related with shear and torsion stresses, even more sensitive to
corrosion in some cases where the S-N curves present lower slopes.

A particular case of reinforced concrete steel rebars is considered, to show the
development of a corrosion pushing factor. In such cases, the initial crack is due to a
cold-forming, rib-threading process or a previous stress corrosion cracking
phenomenon. In this paper, a suitable fatigue-corrosion pushing factor is proposed for
reinforced concrete rebars, with the aim of easily providing a quantifiable fatigue-
corrosion damage index for structural engineering calculations.

Just as a clarification, the rebar was a case for demonstrative purposes only, but
the methodology remains applicable to other structural details. It was selected for being
a simple structural detail among the ones presented with S-N curves given in Eurocode
2 and first ECCS seminal fatigue guide [22, 23]. Thus, since it is based on the
standardized procedure for rebar fatigue, it remains valid within the same scope.

However, while it is true that a rebar is not an isolated element within a reinforced
concrete structure, as a composite material, it is also true that at the end of the day a
rebar could suffer tension stress.cycles and that the concrete around it tends to crack
under tension, mainly perpendicularly to it and where suffering more tension, allowing
the corrosive electrolyte to enter through the cracks and start pitting corrosion at
localized spots where the cracks exceed the coverage, such spots concentrates
stresses and the fatigue-corrosion starts. Therefore, the boundary conditions for this
case keeps realistic enough.

Aggressive environment represents one of the biggest problems for the durability
of reinforced concrete (RC) structures. Apart from being exposed to a corrosive
environment, they must withstand their static and, where applicable, dynamic design
loads. Some RC structures, such as bridges and offshore structures are simultaneously
subjected to fatigue loading and corrosive environments, which causes unexpected
corrosion fatigue failure. Many studies have been performed to understand the
behaviour of corrosion fatigue. However, most of them study the damage caused to
previously corroded specimens [25, 26]; ignoring the simultaneous effects of the
corrosion process and cyclic loading which together cause greater damage than they
do separately.

The process followed in the introduction section functions for a flat sheet with a
centred and well-defined initial crack. However, in RC structures, the metallic specimen
is a steel rod with a radius (r) and the initial crack is usually unknown, which renders
the above process useless. By adding a geometric factor, eq. (9), to the Griffith
threshold [21, 27], eq. (7) can be adapted to RC bars, as shown in eq. (10).
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The value of the two constants, (A) and (m), depend on material.and structural

detail. This case study considers a plain carbon steel rebar, the values of which are:

A=2-10"y m=3, [28]. Thus, eq. (11) is derived by substituting the above values in eq.

(10). The geometric factor value is a mean value for each interval, noted as (Ymean)-

-1 -2
<—10_13 -Ag? - Y,f’leann3/2 - AN,, + ao2 ) +% -AN,,
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Having obtained (AN;), a value for the (Fgc) is given by eq. (8). Nevertheless, the
lower the (AN,) value, the more accurate the results, such that the most rigorous
results are given by ANn=1. (Fec) also depends on (a,), which means that in a study of
more than one stage, the initial crack size for one stage is the final crack size of the
previous stage. Therefore, for any moment, (Fec) is defined as expressed in eq. (12).
However, (Fec) depends on the-initial crack size, derived from fracture mechanics, a
fact which complicates the exact estimation of (Fgc).

-1 2
[(—10—13 003 V3o 2 + al ) + 2%

% (12)
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3. Plain Methodology

In structural engineering practice, S-N curves [7] are widely used to define the
number of cycles until failure under fatigue loading cycles. The S-N curves of
specimens exposed to a corrosive environment will therefore need to be defined first of
all, followed by the corrosion-pushing factor, which may be calculated by dividing the S-
N curve in an inert environment by the S-N curve for corrosion.

Just for note, it is worthy to mention that some manuscripts [29, 30] model the
corrosion as a uniform element weight loss following an exponential law with time.
Then, the reduced sections at several corrosion stages are analyzed by FEM under the
same loads and the corrosion is thereby translated into stress increments to be
compared with mechanical S-N curves of the same detail. Such approach is certainly a
step forward to consider coupled corrosion, but it is not consistent with fracture
mechanics and, therefore, neglects some important issues:



» A global thickness loss of a few ym could not seem a big deal in terms of global
stress increment in a bridge deck. Nevertheless, when attending it locally at crack tip, it
produces two effects: high stress concentration and cycle saving to reach the same
crack size. Being the later more pronounced in initial stage, when each cycle barely
contributes to crack growth.

» A corrosion pit produces stress concentration, overcoming the crack threshold
and starting a fatigue crack. Simultaneously, a fatigue crack presents an anode at the
tip and a cathode at the outer surface, meaning corrosion concentration at the tip and
corrosion passivation at the surface.

* The S-N curves relate each stress range with the corresponding cycles until
failure. However, in terms of crack propagation, having a look to Paris Law, the fatigue
crack grows very slowly at the beginning, faster thereafter and suddenly at the end.
This means that fatigue damage is not uniformly distributed ;along such cycles until
failure, it is much higher at the end of the process and lower at the beginning instead,
when the corrosion contribution is higher correspondingly. Thus, coupled corrosion
can’t be translated only into a stress increment of the same curve, computing the cycle
profit in terms of the difference.

Hence, a methodology suitable to consider coupled corrosion fatigue by Palmgren-
Miner linear rule must be consistent with fracture and fatigue theory.

3.1 Derivation of S-N Curves from the Paris Law

Every stress range (S) must be related to its corresponding number (N) of cycles
until failure, in order to be able to define an S-N curve, which can be theoretically
derived from the Paris law [20, 31, 23], previously defined in eq. (1). Hence, before the
definition of such curves for each environment, some variables are required. EHE-08
and EN 1992-1-1:2013 [32, 22] both specify a maximum tensile stress of 300 MPa with
a stress range of 150 MPa after 2,000,000 cycles in the case of B-500-SD rebars [33].
In contrast, the S-N curves in [22] are defined by a stress range of 162.5 MPa after
1,000,000 cycles. The number of 1,000,000 cycles was finally selected, following the
comparison.of the S-N curves obtained by applying the fracture mechanics method
with the S-N curves obtained with the method in EN 1992-1-1 [22].

Thus, Table 1 summarizes the parameters for B-500-SD, where (A) and (m) are
the constants in the Paris law for steel rebars taken from the literature [28], and (Kc)
coming from [34]. Besides, Table 2 summarizes the minimum and the maximum tensile
ratio (R) depending on both the stress range (Ac), and the corresponding threshold
stress intensity factor (Ky) both of which are derived from equations (13) and (14),
taken from [35, 36]. Just as a clarification, with enough cycle amount (giga-cycles),
even under inert environment conditions, failure finally occurs and threshold or fatigue
limit concepts loss their sense [37]. Nevertheless, when considering the much lesser
expected number of cycles during service life of an infrastructure such as a building or
a bridge (mega-cycles), with low natural frequencies, it is needed threshold stress
intensity and corresponding crack size to have any expectancy of failure.

AK,, =191 Nmm=3/? R <0.17 (13)



AK,, = 222.4(1 — 0.85R) Nmm™3/2 R > 0.17

(14)

Table 1: Parameters defined for the calculation of cycles until failure of a B-
500-SD rebar specimen.

Om [Mpa] 225
Kic [Nmm™?] 3000
[19]A 2.00E-13
m 3

Table 2: Tensile range, minimum/maximum tensile ratio-and threshold stress

intensity factors under analysis.

Ao [Mpa] R AKth [Nmm™]
50 0.72727273 | 84.91636364
100 0.53846154 | 120.6092308
150 0.4 146.784

162.5 | 0.37096774 | 152.2722581
200 0.29411765 166.8
250 0.21052632 | 182.6021053
300 0.14285714 191
350 0.08695652 191
400 0.04 191
450 0 191
500 -0.03448276 191

3.2 Deriving threshold crack size, ay, and critical crack size, a.

A minimum crack size is needed for crack propagation (ay), below which the stress
concentration at the tip of the crack is insufficient for propagation to take place [38].
The minimum crack size is obtained from eq. (15), which has been defined based on
the Griffith criterion [21], considering the geometric factor Y(a)=f(a) as defined in eq.
(9), introduced in (15) as Y(awn)=B. The values obtained, for different diameters, are
summarized in Table 3 and plotted in Figure 2 [39].

1 (AKp\2
—_ 15
en T (ﬂAa) 13)
Table 3: Minimum threshold crack size values (a,) [mm]
ath
Ac d10 d12 d16 ®20 ®25 ®32
50 1.25 1.3 1.36 1.39 1.42 1.44




100 0.72 0.73 0.74 0.75 0.76 0.76
150 0.52 0.52 0.53 0.53 0.53 0.54
162.5 0.48 0.49 0.49 0.5 0.5 0.5
200 0.4 0.41 0.41 0.41 0.41 0.41
250 0.33 0.33 0.33 0.34 0.34 0.34
300 0.28 0.28 0.28 0.28 0.28 0.28
350 0.22 0.22 0.22 0.22 0.22 0.22
400 0.17 0.17 0.17 0.17 0.17 0.17
450 0.14 0.14 0.14 0.14 0.14 0.14
500 0.11 0.11 0.11 0.11 0.11 0.11
Threshold crack size (ay,)
16
1.4 ‘\
1.2 \
1 —— 0101
t — 012
E.ﬁ 0.8 —— 016
m
— 020
0.6 !
—— 025
0.4 ———]|
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0
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Similarly, once a critical crack size has been reached, the crack will suddenly

Figure 2: Minimum threshold crack size.

propagate out of control and fatigue failure will occur. The critical crack size (a) is
defined in eqg. (16), which was defined on the same basis as (as). The values obtained,
for different diameters, are summarized in Table 4 and plotted in Figure 3 [40]. This
time, Y=Y (ay) as defined in (9) and (0syp) is the higher tensile stress of the cycle, while
Kic was previously defined in Table 1, according to [34].

Acr =

1 ( AKjc

YerOsup

2
)24

(16)




Table 4: Critical crack size values, a [mm].

Acr

Ao d10 D12 d16 ®20 ®25 ®32
50 6.3 7.34 9.31 11.16 13.33 16.15
100 6.11 7.11 8.98 10.74 12.78 15.43
150 5.93 6.88 8.67 10.34 12.27 14.75
162.5 5.88 6.83 8.6 10.24 12.14 14.59
200 5.76 6.67 8.38 9.96 11.78 14.12
250 5.6 6.47 8.11 9.61 11.33 13.52
300 5.44 6.29 7.85 9.27 10.9 12.96
350 5.3 6.11 7.6 8.95 10.5 12.43
400 5.16 5.93 7.36 8.65 10.11 11.93
450 5.02 5.77 7.13 8.36 9.75 11.46
500 4.89 5.61 6.92 8.09 9.4 11.01
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Figure 3: Critical crack size, a., [mm].

3.3 Deriving S-N Curves for an inert environment




Now, with the data summarized in Table 1 to Table 4, it is possible to derive the
number of cycles until fracture for each diameter (®) considering different tensile
ranges (Ao). Thus, Figure 4 shows the number of cycles until failure at different stress
ranges and rebar diameters. The performance of all the bars is similar, showing parallel
lines from different initial ordinates. Besides, the larger the diameter, the higher the
resistance to fatigue failure. This fact is close to the prediction of Eurocode 2 EN 1992-
1-1:2013 [22]. The differences in fatigue resistance come from the different values of
the geometry factor, Y(a), when changing the diameter (®), leading to different crack
sizes (ac) that limit the number of cycles from relatively similar initial crack sizes (aw)-

Just for note, it is worth mentioning that S-N curves derived in this way are semi-
empirical. The base S-N curves for inert environment in standards are derived from
mechanical fatigue testing. Besides, the material constants A and m are obtained by
testing, the geometrical factor Y(a) is obtained by testing or, in"'some cases, by FEM
simulation after mechanical characterization of material. The mean frequency f is
obtained in real cases as the root square of the quotient of 4th order momentum
divided by the 2nd order momentum of power spectral density function PSD obtained
by direct measurement. Finally, the mean corrosion rate is measured with a
corrosimeter. Therefore, the process is semi-empirical in the sense that it is based on
direct measurement of some physical properties, but the modified S-N curve is derived
theoretically by this methodology thereafter.



S-N curves from Fracture Mechanic theory
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Figure 4: S-N curves derived from fracture mechanics theory in double
logarithm scale.

Table 5: Slope (m) and fatigue limit (Ao, ) depending on rebar diameter (®)

d[mm] 10 12 16 20 25 32

m[] 1/3 -1/3 -1/3 -1/3 -1/3 -1/3

Ao, [MPa] | 163.45 167.95 174.08 178.11 181.64 185.02

As a comparative study and to gather further information, S-N curves are drawn in
Figure 5 for ¢ 25 considering Fracture Mechanics for an inert environment and EN
1992-1-1:2013 [22] for inert and corrosive environments. The greater difference
between the Fracture Mechanics line and the one obtained from EN 1992-1-1:2013
[22], is the slope of the line. As summarized in Table 5, the Fracture Mechanics theory
defines a slope of -1/3 and the regulations define a slope of -1/5, this means that
Fracture Mechanics define a more critical law than regulation. It must be pointed out
that the curves are plotted for 225 MPa mean tensile stress and ultimate limit states
define a maximum tensile stress of around 60-65% of yield stress. Considering all the
aspects, the common working tensile stress amplitude is 162.5MPa or lower.
Observing Figure 5 and in view of that tensile ratio, if we also consider a common
tensile stress amplitude, then the line representing EN 1992-1-1:2013 [22] is not on the
side of safety.



Figure 5 also shows the S-N curve considering a corrosive marine atmosphere
(XS1). Paying attention to the difference obtained for an inert environment, the
following step is to define the S-N curves for an XS1 environment by applying the
Fracture Mechanics law.

S-N curves: EN 1992-1-1 vs Fracture Mechanics
theory
500 == \
Fract. Mech.

. EC2XS1
5
‘8” \ EC2 X0
' L

50 | 11
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Figure 5: A'comparative analysis of SN curves obtained from: Fracture Mechanics
in an inert environment and UNE-EN 1992-1-1 in an inert environment and in an XS1
marine atmospheric corrosion mode.

Finally, despite the limitation disclosed in the Eurocode 2 [22] regarding the S-N
curve slope and the fatigue limit, the seminal ECCS Document [23] on fatigue,
specifies a slope of 1/3 and a fatigue limit of 100 MPa at 2:10° cycles. Figures that are
more consistent with theory, as 1/5 is more suitable for rods/bolts and the like under
shear stress.

3.3 S-N curves with corrosive environments

Hence, having demonstrated that the S-N curves defined in the standards are less
restrictive than those obtained with Fracture Mechanics theory, the following step is to
define the S-N curve for fatigue corrosion. Thus, in this study, the XS1 exposure class
was considered, which means that the structure would be placed a few kilometres from
the coast [32, 22, 41], i.e. marine atmospheric exposure. Under these conditions, the
guidelines define a 20pm/year corrosion rate for XS1 exposure conditions. However, in
terms of safety, some previous research suggests a factor of 10 for a corrosion rate
under marine pitting corrosion [42, 43], which implies a corrosion rate of 200 pym/year.
However, the corrosion rate is insufficient to define the corrosion weight in the



corrosion fatigue process, as the service life of the structure and the possible stress
ranges must also be considered.

During its service life, a structure will come under different frequencies and stress
ranges. A mean frequency value may be obtained, by applying a power spectral
density function [44, 45, 46]. However, as real service-life conditions are a priori
unknown, the study of the frequencies summarized in Table 6 will be considered for
structural engineering applications.

Hence, structures are designed for between 50 and 100 years of service life
depending on the usage of the reinforced concrete structure -residential or civil
engineering works- and its importance. As previously mentioned, the corrosion factor
depends on frequency, so the corrosion rate is higher at lower frequencies. Thus, some
structural details are defined for millions of cycles during their service life’and others for
hundreds of millions of cycles. Four possible frequencies are defined in Table 6.

Table 6: Frequencies [Hz] under consideration, depending on the length and
the minimum number of cycles throughout the service life.

Cycles
Frequency
10° 10°
Service
life 100 fi fs

Figure 6 summarizes the cycles up until failure for each combination of diameter
(D), stress range (Ao) and frequency (f), from f; to f, in a) to d) respectively. The
graphs are plotted in double logarithm scale for comparison with data from an inert
environment. Comparing Figure 4 and Figure 6, it becomes evident that corrosion
modifies the fatigue process when comparing results with the straight lines defined in
Figure 4.

Figure 5, the S-N curves are now non-linear and the number of cycles until failure
drastically decreases when the coupled corrosion fatigue is analysed. The drop is
higher for lower tensile stress ranges. For example, the fatigue resistance of a 25 mm
diameter rebar and a stress range of 162.5 MPa will decrease from 1,400,000 cycles to
220,000, implying a fatigue resistance reduction of 84%.
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Figure 6: S-N curves for a corrosive marine atmosphere (XS1 exposure class) with a
corrosion rate of 0.2 mm/year, and at different frequencies: a) f;, b) f,, ) f3 and d) f,.

4. Corrosion Pushing Factor



In this study, a corrosion pushing factor is defined for application in conjunction
with the Palmgren-Miner linear rule [8, 9], for the definition of coupled fatigue-corrosion
damage, in the same way as presented in the case of the loading sequence effect [10].
This development will be useful to extend standard applications of the plain rule, which
is widely used for structural engineering purposes, on corrosive environment scenarios.

4.1 Consideration of the variables

Both the fatigue behaviour and the corrosion pushing factor alike depend .on the
diameter (P), the exposure class (XS1, in this case) and the load frequency (f). Thus,
the data are separately presented in Figure 7, showing results for the two diameters
¢ 10 and ¢ 32 in the two environments, and in Figure 8, varying the frequencies for ¢ 10
(Figure 8 a) and ¢ 32 (Figure 8 b).

Thus, diameter size (®) behaved in the same way in each environment, showing
how larger diameters work better than lower ones. Nevertheless, fatigue resistance
decreased from 90% to 30% as the stress range increased. Finally, Figure 8
demonstrates the fact that corrosion influence is higher at lower frequencies, as the
resulting curves are further displaced from the reference curve in an inert environment.

500
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Figure 7 Corrosion fatigue behaviour: comparative study of ¢ 10 and ¢ 32 in an
inert (I) environment and an XS1 exposure class.
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Figure 8: Influence of exposure class (X0, XS1) and frequencies on: a) ¢ 10 diameter
rebars; and, b) ¢ 32 diameter rebars

4.2 Deriving the Mean Corrosion Pushing Factor

The pushing factor defined in eq. (12) depends on several variables such as the
crack size, geometry factor, frequency, etc. Hence, the essential use of fracture
mechanics to derive the damage accumulation level. Even if eq. (12) is an accurate
method of defining the pushing factor, it is not in keeping with the engineering rule of
keeping it plain and simple to be useful, which, even if not so accurate, guides the
fatigue calculations in the Palmgren-Miner rule, among others [8, 9]. This handicap
encourages the definition of a simpler mean corrosion-pushing factor (Fycp). The



defined (Fucp) must be capable of representing any crack size (from a, to a.;) and any
service life condition (frequencies, corrosion rate, stress amplitude...), offering
conservative values, and independent of any variable defined by fracture mechanics
theory. Besides, since it is derived from the quotient of required cycles causing the
crack to grow from ay, to a,, under inert environment to the amount needed to cause the
same crack growth under corrosive environment, calculated by an iterative method with
steps of mechanical and corrosive crack propagation, this methodology is compatible
with a Palmgren-miner summation with lower and safer limits, such as 0,7 or-others
according regulations [47].

Thus, a (Fucp) for steel rebars is proposed in this section. Table 7 to Table 12
summarize (Fucp) the proposed values for different reinforcement diameters (®) under
different stress ranges (Ao) and frequencies (f). Each (Fucp) is‘obtained by dividing the
number of cycles until failure in an inert environment by the number of cycles until
failure in an XS1 exposure class for each stress range (Ac) and frequency (f). This
factor can be used to define the corrosion fatigue damage at each stage: multiplying
(Fmcp) by the quotient of number of cycles (N;) to final number of cycles (Ng)).

The total cumulative corrosion fatigue damage will be obtained as defined in eq.
(22):

N

N:

Dcp = z Fuyep N_l (21)
1 i

Table 7 Mean Corrosion-Pushing Factor values defined for ¢ 10
reinforcements.

010 Ac
f 50 100 | 150 | 162.5 | 200 | 250 | 300 | 350 | 400 | 450 | 500

f, | 143.29 | 23.88 |9.74 | 8.22 |5.42(3.63|2.72|2.19|1.86|1.64|1.48
f, 7715 | 14.13 |6.04| 5.20 [3.58|2.52|1.98|1.67|1.47|1.35|1.26
fs 4.13 158 |1.20| 1.16 [1.09|1.05|1.031.02|1.01|1.01|1.01
fs 2.82 132 |1.10| 1.08 |1.04|1.02|1.01|1.01|1.01|1.00|1.00

Table 8 Mean Corrosion-Pushing Factor values defined for ¢ 12
reinforcements.

D12 Ac
f 50 100 | 150 | 162.5 | 200 | 250 | 300 | 350 | 400 | 450 | 500

f. | 125.37 | 22.77 |9.28 | 7.83 |5.25(3.532.66|2.15|1.83|1.62 | 1.47
f, 71.64 | 13.36|5.83| 5.01 [3.48|2.47|195|1.65|1.46|1.34|1.26
fs 4.00 157 |1.19| 1.16 (1.09|1.04|1.03|1.02|1.01|1.01|1.01
f, 2.76 131 |{1.10| 1.08 |1.04|1.02|1.01|1.01|1.01|1.00|1.00




Table 9 Mean Corrosion-Pushing Factor values defined for ¢ 16
reinforcements.

D16 Ac
f 50 100 | 150 | 162.5 | 200 | 250 | 300 | 350 | 400 | 450 | 500
f 111.33 | 2045 |8.49| 7.26 |4.91|3.36|2.56|2.09(1.79|1.59|1.45
f, 62.62 |12.22 |545| 4.70 |3.32(2.39(1.90|1.62|1.44|1.33|1.25
fs 3.78 154 |1.19| 1.15 (1.081.04|{1.03|1.02|1.01|1.01|1.01
fs 2.64 1.30 | 1.10| 1.08 (1.04{1.02|{1.01|1.01|1.01|1.00(1.00
Table 10 Mean Corrosion-Pushing Factor values defined for ¢ 20
reinforcements.
®20 Ao
f 50 100 | 150 | 162.5 | 200 | 250 | 300 | 350 | 400 | 450 | 500
f 100.20 | 1891 | 7.94| 6.81 |4.66|3.2312.48|2.04(1.76|1.57|1.44
f, 55.67 | 11.39 |5.13| 447 |3.19(2.32]1.86|1.60|1.43|1.32|1.24
fs 3.62 152 |1.18| 1.14 |(1.08(1.04{1.02|1.02|1.01|1.01|1.01
fs 2.56 1.29 |1.09| 1.08 [1.04{1.02{1.01|1.01|1.01|1.00|1.00
Table 11 Mean Corrosion-Pushing Factor values defined for ¢ 25
reinforcements.
D25 Ac
f 50 100 | 150 | 162.5 | 200 | 250 | 300 | 350 | 400 | 450 | 500
fi | 91.0917.26|7.47 | 6.42 |4.43|3.11|2.41|1.99|1.73|1.55]|1.42
f, | 50.10 | 10.54 | 4.88 | 4.26 | 3.07|2.26|1.83|1.57|1.41|1.31|1.23
fs 347 | 150 (1.17| 1.14 |1.08|1.04|1.02|1.02|1.01|1.01|1.01
f, 248 | 1.28 |1.09| 1.07 |1.04|1.02|1.01|1.01|1.01|1.00|1.00
Table 12 Mean Corrosion-Pushing Factor values defined for ¢ 32
reinforcements.
D32 Ac
f 50 100 | 150 | 162.5 | 200 | 250 | 300 | 350 | 400 | 450 | 500
f, | 8342|1564 |6.90| 599 |4.19|2.98|2.33|1.95|1.70|1.53|1.41
f, | 4550 | 9.62 |4.59| 4.04 |2.94|2.20|1.79|1.55|1.40|1.29|1.22
fs 330 | 1.48 |1.17| 1.14 |1.08|1.04|1.02|1.02|1.01|1.01|1.01
f, 240 | 1.27 |1.09| 1.07 |1.04|1.02|1.01|1.01|1.01|1.00|1.00

5. Case study




A steel rod is proposed as a case study, to demonstrate the feasibility of this
method. The principal advantage is that its geometry is very similar to such elements
as rebars, bolts, cables and rod-shaped suspension cables. A reinforced concrete
bridge is assumed for the purposes of the study at a few kilometres from the coast
(XS1). Table 13 defines the boundary conditions for the case study.

Table 13 Boundary conditions for the analysis

Diameter [mm] 25

Yield stress [MPa] 500
Maximum tensile stress [MPa] | 300
Minimum tensile stress [MPa] 150

Tensile amplitude [MPa] 150
Mean tensile [MPa] 225
Service life [years] 100
Load frequency [Hz] 3.17-10"
Corrosion rate [um/year] 200

Reinforcing steel must meet the criteria defined in EN 10080 [33] according to EN-
1992 [22] specifications. Both standards specify that the fatigue life of reinforcing steel
in an inert environment, is 2:10° cycles. In contrast, considering an exposure class of
XS1, the boundary conditions defined in Table 13 match the conditions shown in Table
11, which summarize the corrosion pushing factor for a rebar diameter of ¢ 25. In the
study, a frequency of 3.17-10* Hz (f,) and a 150 MPa tensile range is defined, which as
shown in Table 11 yields a corrosion pushing factor of 7.47, and a corrosion fatigue life
of 267,737 cycles. This result.implies a reduction in fatigue resistance of 86.61%.

6. Conclusions

1. Fatigue caused by mechanical processes is related to the number of loading cycles
while corrosion'mechanism is related to the exposure time of structural elements.

2. Load cycles and exposure times are linked through load-cycle frequencies. The
higher the load-frequency, the lower the corrosion effect.

3. The Corrosion Pushing Factor is defined as the ratio of the number of load cycles
causing crack propagation in a purely mechanical process, to the number of
mechanical cycles in a coupled corrosion-fatigue condition to predict the same
crack size. It can therefore, be said that in a corrosion fatigue process, corrosion
adds virtual load cycles, ANc.

4. The method that has been presented permits the determination of the fatigue
service life in a corrosion-coupled fatigue process. The crack propagation rate is
higher when the synergic action of both fatigue and corrosion is considered than
when the sum of each independent action is assessed.

5. Based on the Palmgren-Miner linear rule, the Mean Corrosion Pushing Factor Fycp
enables the determination of corrosion fatigue damage from mechanical fatigue S-
N curves.

6. The theory that has been developed in this paper is consistent with the behaviour
of fatigue processes observed in the presence of a corrosive environment and a set
of given load frequencies.
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