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Abstract: The paper summarises an experimental study on the fatigue crack propagation and cracks
paths in ancient steel—19th-century puddle iron from the Eiffel bridge. The tests were performed
with the load R-ratio equal to 0.05 and 0.5. All tests were performed under different notch inclinations
(mode I + II). The fatigue crack growth rate in the tested material is significantly higher than its
“modern” equivalent—low carbon mild steel. The crack closure phenomenon occurs in specimens
during the process of crack growth. Understanding this aspect is crucial for the examination of a
stress R-ratio influence on kinetic fatigue fracture diagram (KFFD) description. Both the experimental
and numerical approach, using the HP VEE environment, has been applied to the crack closure as
well as the crack opening forces” estimation. These analyses are based on the deformation of the
hysteresis loop. The algorithm that was implemented in the numerical environment is promising
when it comes to describing the kinetics of fatigue crack growth (taking into consideration the crack
closure effect) in old metallic materials.

Keywords: puddle/wrought iron; fatigue crack propagation; mixed-mode loading; old
steel; microstructure

1. Introduction

Maintaining the usefulness and reliability of ancient bridge structures requires precise methods
of diagnostics and evaluation of the technical condition, often deviating from procedures based on
technical recommendations for modern steel engineering structures. In the case of buildings erected
at the turn of the 19th and 20th century, the diversity of operating conditions and the peculiarities
of the materials used for their construction requires an individualised approach in the assessment
of their structural conditions. It should be noted that 19th and 20th-century steel structures were
made of procedures adopted in normative regulations for modern facilities” technical. In the case of
bridge structures erected at the turn of the 19th and 20th century, the diversity of operating conditions
and the peculiarities of the materials used for such types of construction requires an individualised
approach in the assessment of their technical condition, with particular regard to the phenomenon of
fatigue. Metal bridges erected in the late 19th and early 20th centuries were built from the metallic
materials, nowadays called puddled steel or puddle iron. During recent years, there was observed
an increasing number of publications on diagnostic methods and evaluation methods of old bridges’
structural conditions. An important document is a publication [1] from 2005 written by the Federal
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Institute for Material Research and Testing (BAM), which comprehensively incorporates evaluation
methods and monitoring systems of old bridges” structural conditions. This problem has also been
taken into account in the framework of the 6th European Research Framework Programme [2] on the
safety of steel bridge structures from the 19th and early 20th century. However, in all cases, there is
proposed only a simple investigation path involving fatigue fracture phenomenon. It is essential to
propose a study focused on the characterisation of the fatigue crack propagation behaviour considering
the mean stress effect and crack closure problem—especially in pure mode I and mixed mode (I +
II) for puddle iron. In the case of these old steel grades [3—6], there are also confirmed evidence in
the literature [7-10] of the microstructure degradation processes. The existence of such phenomena
causes deterioration of ductile properties of the material. Additionally, in the puddled steels, we
observe numerous discontinuities and non-metallic inclusions. Finally, these materials are often used in
low-temperature conditions. These factors entail a substantial danger. These circumstances should be
considered while estimating the safety of structures built using the mentioned type of materials. These
properties are essential in residual life analysis of metal bridges in order to extend the lifetime of these
structures. On the other hand, the crack initiation period can be dominating in the fatigue damage,
while the fatigue crack propagation has little impact on global forecasts of the P-S-N (Probabilistic-5-N
curve) field, especially if it is visible in the HCF (high-cycle) fatigue regime [11]. However, the existing
large cracks in old bridge’s (especially cracks emanating from rivet hole) structural members force to
physically study the kinetics of fatigue crack growth using experimental data from the ancient objects.
Therefore, the main aim of the paper is the description of the fatigue crack growth rate in the long-term
operated Eiffel Bridge steel with consideration local phenomenon-fatigue crack closure.

2. Material Investigations

The material under study was obtained from beam elements extracted from the Eiffel Bridge (see
Figure 1), designed by Gustavo Eiffel and opened on June 30, 1878. This bridge is located in Viana do
Castelo, Portugal, crossing the Lima River, having a total length of 645 m. The bridge consists of two
levels, the upper level for road traffic and the lower level for rail traffic.

Figure 1. A view on the Eiffel Bridge.

Initially, the main works in the material examination task focused on the chemical analysis (C,
Mn, Si, P, S) of the tested steel using the spectral method on the measurement station (presented in the
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Table 1, results represent the mean value of three measurements) and the microstructural analysis in
the post-operated state. The metallographic inspection was performed in the magnification range from
100x to 1000 in a non-etched and etched state (5%HNOj3) following the ASTM E407-07(2015)e1 [12]
standard using a metallographic microscope. Images were registered by being coupled with a
microscope digital camera, CMOS 15MPx (ToupTek, Hangzhou, China), with the software for image
analysis. Hardness measurements were carried out using the Vickers HVyy (Future-Tech, Kanagawa,
Japan) method in accordance with the PN-EN ISO 6507-1:2007 [13]. The results are presented in the
Table 2.

Table 1. The chemical composition of the tested steel (in % by weight).

Investigated Material C Mn Si P S
[% by weight] <0.01 0.01 0.07 0.354 0.045

Table 2. Vickers HV10 hardness measurements results.

Measurement 1 2 3 4 5 6 7 8 9 10 Mean
HV10 175 167 165 171 170 159 172 162 170 188 170

Based on the chemical analysis (Table 1), a noticeable high phosphorus content is observed. This
indicates a possible classification of the tested material as a puddle iron. Based on the theory of
degradation, in an old puddle iron [7], the low carbon content (<0.1%C) and lack of the de-oxidation
element, Si, predestines this material for the microstructural degradation processes. The microstructure
analysis of the tested material is presented in Figures 2 and 3. All static tensile test results (mean value
of four specimens) are collected in Table 3.

(a) ' (b)

Figure 2. Typical non-metallic inclusions pattern for Eiffel puddle iron (non-etched state, light
microscopy). (a) Typical non-metallic inclusions chains deformed in the rolling direction; (b) noticeable
large non-metallic inclusions and slags; the size of the slags often exceeds 10 pum.



Metals 2019, 9, 53 40f13

(b)

Figure 3. The microstructure of Eiffel puddle iron (etched 5%HNO3, light microscopy). (a) Enlarged
ferrite grains with non-metallic inclusion chains. (A) Noticeable different grain size with the brittle
phase precipitations inside ferrite grains (B); (b) magnified ferrite grain structure containing large
non-metallic inclusions (A).

Table 3. Static tensile test results (according to the Portuguese NP10002-1 Standard).

Material fy [MPa] fu [MPa] E [GPa] A [%] Z [%]
Eiffel Bridge 292 342 193 8.1 11.6

In Table 3, f, is the ultimate tensile strength, f; is the higher yield stress, A is the elongation at
fracture, and Z is the reduction in the cross-section at failure.

The microstructure of the investigated material is shaped by numerous non-metallic inclusions
(mainly silicates) and consists of ferrite grains with different size levels. The microstructural
degradation processes were also observed and confirmed in the brittle phase precipitations inside
ferrite grains and on the grain boundaries. The microstructure of the tested material confirms the fact
that the present material is an old puddle iron from the 19th century.

3. Fatigue Crack Growth Rate Test Results

The applied test machine, apparatus (e.g., clevises, load cells, grips, etc.), and specimens (Figure 4)
were designed based on the standard, ASTM E647 [14]. The graphs of the fatigue crack growth rate are
plotted in coordinates, f(logAK) = log(da/dN). The SIF (stress intensity factor) for the standardised
compact tension (CT) specimen can be obtained using the following equation proposed by the ASTM
E647 standard [14]:

AF a
AK = —=f(— 1
ol ) M
f (i) ~ (2+)(0.886 + 4.64x — 13.32a% + 14.72a% — 5.60%)

144 /(1 - a)s

where: « is the normalised crack length (¢ = a/W), B is the thickness of the specimen [mm], W is the
specimen width [mm], and AF is the force amplitude [N].
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Figure 4. FCGR (Fatigue Crack Growth Rate) test specimens. (a) CT (Compact Tension) specimen
scheme and dimensions (in mm) for mode I test; (b) CTS (Compact Tension Shear) specimen scheme
and dimensions (in mm) for mixed mode I + II test.

During the investigations, the following signals were registered: Applied force, F, and crack
opening displacements (COD). First, a monotonically increasing load was applied to the specimens.
Later, a procedure based on the compliance method was used to obtain the crack length. For CT
specimens, the function of the plane stress elastic compliance can be written as follows:

a
W Co+ Cruy + Czu,% + C3M§’C + C4Ui + CSuir 3)

where: a—length of crack; W—width of the specimen (in case of examined CT specimens, W = 48 mm).
Coefficients, C;, fori € {0, 1, 2, 3, 4, 5} are used in the meaning derived from ASTM E647 [14]. Their
values depend on the way of the COD measurement. The quantity, i, is specified as below:

=t (4)

BE
ol

where: B—thickness of specimen [mm], E—modulus of elasticity [MPa]; v—crack opening
displacement (COD) [mm]; F—applied force [N]; and w/F—slope of displacement versus force curve
measured during the experiment [mm/N]. In the tests, two available measurement techniques were
used:

e  Controlled increase of the AK amplitude; and
e  constant amplitude of the AF parameter (force range).

Before the main experimental procedure, the fatigue pre-crack was prepared to consider all
loading conditions specified in the ASTM-E647 standard [14]. Measurement that stand for the mode I
test are presented in the Figure 5.

During the precracking procedure, AK did not exceed 13-15 MPa-m?>. The test started from
an inijtial value of AK in order to avoid the plastic zone influence created during the precracking
procedure. Experiments were performed for two different mean stress levels characterized by a stress
R-ratio equal to 0.05 and 0.5, with a sinusoidal-shaped loading waveform (frequency f = 5 Hz). The
quantity of the crack length was obtained using the occurrence of the plane stress elastic compliance
(Equation (3)). The computer system was managed by FlexTest (MTS, Minneapolis, MN, USA) console
and FCGR (79040 Fatigue Crack Growth, MTS, Minneapolis, MN, USA) software integrated with an
MTS (MTS810, MTS, Minneapolis, MN, USA) machine. At intervals of time, the crack length was
measured and, if necessary, properly adjusted. Measurements were conducted using a microscope
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with a digital camera. During the experimental test, for each chosen cycle, at least two hysteresis loops
were registered in order to assess the F-COD behavior during the test. According to the experimental
procedure described in [9,10], the crack closure point and corresponding F. and K, levels were
estimated with the purpose of determining the effective stress intensity factor range (AK.4) based on
the Elber concept [15]. The main idea of obtaining F; consists of splitting the recorded F-COD curve
into two fragments. The first of them is linear and the second is nonlinear. A simplified approach

considering the nonlinear part as the quadratic one is shown in Figures 6 and 7.

Figure 5. Fatigue crack growth rate (FCGR) test measurement stand (1—MTS load cell, 2—MTS clevis
for fracture mechanics, 3—MTS clip gage—extensometer, 4—MTS remote control panel, 5—specimen).
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Figure 6. Simplified decomposition of the registered F (Force)-COD (Crack Opening Displacement)

signal [9,10].
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Figure 7. Closure point identification procedure from the recorded hysteresis loop. (a) Crack
closure point laying on the registered F-COD curve; (b) value of F, for which the SSE value is

the smallest—¢ [9,10].
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The algorithm for determination of the closure point can be described in the following steps [9,10]:

e  Registration of F-COD values during proper load cycles;

e splitting of the F-COD line into two parts (i.e., nonlinear and linear) by fitting a first-order
polynomial function (with two constants: Ag, A1) for the linear part and a second-order polynomial
function (with three different constants: B, By, and B) for the nonlinear one; and

e  adjustment of the constants of the second-order function by minimizing the sum of squared errors
of the prediction squares (or residual sum of squares—RSS).

As it was written above, both parts of the hysteresis loop, the linear v; (F) and quadratic vg(F),
can be described as follows:
vr(F) = Ao+ ArF, 5)

vo(F) = By + By F + ByF2. (6)

Considering the strong linear dependency between the force and opening distance (right part of
the curve shown in Figure 7a), we can use a linear regression method to calculate the constants, Ay and
Aj1. On the other hand, the coefficients, By, B1, and By, can be obtained by using the conditions below:

vr(F) = vg(F), @)
d(vo(F)) _ d(vL(F))
gp = ép ,for F=F 8)

According to the above conditions, the following equations can be obtained:
B1 +2ByF. = A4 )
By + B1Fy 4+ BoF? = Ag + A Fx

For proper selection of the coefficients, By, B1, and By, are necessary to validate the optimal values
due to the minimal value of the residual sum of squares, ¢ (RSS), defined as:

=L 2{ )forP < P } (10)
(Omax — Z’mm) i ) for Pi = Py

The value of Fy corresponding to the smallest RSS (the measure of deviation from the point which
the F-COD curve splits into two parts) is regarded as the closure loading force, F ;. Quantities, Umax
and v, are the extreme values of COD for every cycle. The present method can be easily used in
automated experiments. This approach guarantees a solution for F; in which ¢ is minimal. However,
in the case where the obtained data has a large degree of noise, or if a wrong tuning was conducted,
the algorithm gives incorrect outputs (inappropriate closure load point [9,10]). Based on the above, the
effective stress intensity factor range can be calculated as follows:

AK,fr = UNKgpp, (11)
where U represents the Elber closure function [15] obtained from F-COD data recorded during the test:

Fnax — Pop

U= (12)

qux - Fmin

In Equation (12), Fyqx(min) Tepresents a maximal (minimal) force in each cycle of loading, Foy—crack
opening load force (comparable with F;—closure load) obtained from the hysteresis loop analysis.
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Fatigue Crack GROWTH Rate Curves for Eiffel Bridge Puddle Iron

All experimental fatigue crack growth results are presented in Figure 8. Noticeable is the stress
R-ratio effect (R = 0.05 and 0.5) observed in the KFFD (kinetic fatigue fracture diagram) and represented
by shifted da/dN curves. In the case of AK,, this effect can be neglected considering the Paris [16]
regime. In order to better understand how fast the crack growth is in puddle iron, additional data of
FCGR is shown in Figure 8 for old low carbon mild steel from 1900 (comparable mechanical properties
and chemical composition). The broken specimens (Figures 9 and 10) obtained after the tests are shown
in Figures 11 and 12 with visible typical crack paths shaped by non-metallic inclusions. A typical
lamellar-like fracture surface with multi-origin of fatigue cracks can be observed—typically caused by
a non-metallic inclusions’ presence. Based on experimental data, the Paris’ [16] constants are collected
in Table 4.
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Figure 8. Fatigue crack growth rate of Eiffel bridge puddle iron under R = 0.05 and 0.5 conditions
compared with equivalent old mild steel (data from: [9]).

TVYIINVHOIW

STATIC
FAILURE
REGION

Figure 10. Macroscopic view on the fracture surface of the broken CT specimen (R = 0.5)—fatigue and
static fracture surface.
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Figure 11. Representative fatigue fracture surface of the broken specimen tested under mode I condition
(R = 0.5)—initial fatigue crack growth phase.

Figure 12. Representative fatigue fracture surface of the broken specimen tested under mode I condition
(R = 0.05)—initial fatigue crack growth phase.

Table 4. Values of da/dN-AK, AKeﬁc curves parameters—C, m under R = 0.05 and 0.5 conditions.

AKapp MK,z
R Crack Orientation MPa-m?%> MPa-m?%5
Material C m C m
0.05 transversal direction 8 x 10721 11.105 1x10°° 2.035
0.5 transversal direction 1x10°1° 11.439 9 x 108 2.894

Fractography study was performed for the tested specimens (Figures 11-14). The fracture surface
was characterised by a multiorigin of fatigue crack growth, mainly due to nonmetallic inclusions
(indicated by arrows). A noticeably increasing number of the typical secondary cracks can be observed
as the tensile stress increases with the crack growth. This is much more visible in the case of R = 0.5,
where, during the test, the maximal value, Kyqx, was significantly higher. Moreover, it is notorious that
the cracks grow along the nonmetallic inclusions due to their brittleness.
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Figure 13. Representative fatigue fracture surface of the broken specimen tested under mode I condition
(R = 0.5)—approximately 6 mm from notch.

10.0kY 11.3mm x150!SE

Figure 14. Representative fatigue fracture surface of the broken specimen tested under mode I condition
(R = 0.5)—approximately 6mm from notch.

4. Mixed-Mode Fatigue Crack Propagation Behaviour (Crack Inclination Angle, a = 30°)

Mixed-mode (I + II) fatigue crack growth tests considering the crack inclination angle, &, equal to
30°, were performed using special fixtures designed by Richard [17] for the CTS specimen (Figure 4b).
The different mixity (I + II) levels were achieved due to changing the loading angles, from 0 degrees
(pure mode I) up to 90 degrees (pure mode II) with a 15 degrees step. The experimental set-up
is presented in Figure 15. During the experiments, the constant force amplitude was maintained
for different stress R-ratios equal to 0.05 and 0.5. All specimens were loaded with the sinusoidal
waveform with the maximum values, F = 6.5 kN and F = 10 kN, for stress R-ratios equal to 0.05 and
0.5, respectively, with the frequency of 10 Hz.
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110f13

mixed mode FCGR test
AT

Figure 15. Mixed mode fatigue crack growth test (1—DinoLite digital microscope, 2—Richard’s fixture,

3—upper clevis, 4—specimen).

The crack length was monitored using an optical method by the digital microscope, Dino-Lite,
with an automated system that captures images in a specific period. The crack tip location was recorded
in the X-Y grid system of the camera. The origin of the coordinate system was located at the end
of the pre-crack tip, as shown in Figure 16. In Figure 17, the observed initial crack angle was 28.9°.
After approximately 1.5 mm of the crack length, a deviation was observed and the angle (from the flat
notch) changed to approximately 14.1°. Non-metallic inclusions caused this effect. The results of the
experimental studies of the crack growth under mixed mode (I + II) for the mixity represented by a =

30° are presented in Table 5.

j,
J7 Aufxyy)

A0 Afxy)
.
ra
P
;
p
e -

- -
- A%y
-

real crack path

Y

notch ) .
precracked zone

X

Figure 16. The coordinate system with the scheme of recording the X-Y crack tip location and crack
length increment calculation; aej—mixed mode fatigue crack growth length [18].

(b)

Figure 17. Mixed mode fatigue crack path in the CTS specimen (a) for R = 0.5; (b) for R = 0.05.
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Table 5. Summary of data obtained under mixed mode loading for crack angle of « = 30°.

Number of Initial Pre-Crack Final Crack
R Fax IN1  F,,;,, IN] Cycles to Fracture Length Length
Failure N¢ Angle [°] [mm] [mm]
0.05 6500 325 134,506 35.7 1.98 8.2
0.5 10,000 5000 53,411 28.9 1.49 5.58

The results of the experimental studies of the crack growth under mixed mode (I + II) for the
mixity represented by a = 30° are presented in Table 5.

Figure 18 shows the a(N) curve, (with the crack length, g, as a function of the number of cycles, N)
corresponding to the level of mixity represented by a = 30° for the stress R-ratios equal to 0.05 and 0.5.

7 Exponential
R0.05_302)

5 Exponential .

E
E 5
=
= L ]
a4
L
3 4
) o *®|y=0.0284p%05
1 P R2=0.935
1 L)
[ ]
_® *
o9 T T T T T T T 1
o 20000 40000 &0000 80000 100000 120000 140000 160000

M (cycles)

Figure 18. Fatigue crack length as a function of the number of cycles to failure for the initial crack angle
of « = 30° and stress ratios of R = 0.05 and 0.5.

5. Concluding Remarks

The effects of the study of 19th-century structural elements derived from the Eiffel Bridge were
presented. In this study, the most important mechanical properties of the material collected from the
Eiffel bridge were obtained using metallographic inspections and a simple uniaxial tensile test. Based
on the executed fatigue fracture tests (mode I), including low-level mixity, the following conclusions
can be formulated:

o  The Paris’ [16] exponent, m (slope of the FCGR curve), for Eiffel Bridge steel is significantly higher
than for modern bridge constructional steel, even for the early 20th century steel;

e the observed fatigue crack closure phenomenon strongly influence the kinetics of fatigue crack
growth in the tested puddle iron (decreases the Paris’-m exponent and consolidated data from
different R-ratios into one curve); and

e under a mixed mode condition (I + II), a significant R-ratio influence was observed.

Based on the performed analysis, further steps of fatigue crack growth modelling in an ancient
puddle iron material should be focused on the crack closure phenomenon investigation under a mixed
mode condition and the generalization of fatigue fracture models based on a new, effective-equivalent
stress intensity factor.
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