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Abstract. In repairing and retrofitting processes of ancient riveted steel bridges is crucial to assess the struc-
tural state of old metals to guaranty structural safety. Metals under long-time operations (mild, rimmed low
carbon steels <0.1% C, puddle irons) and cyclic loading present a tendency for degradation processes. The
case-studies of this work are five metallic bridges existing in Portugal (Luiz I, Eiffel, Fao, Pinhao and Trezéi).
This work presents the study of some characteristics of materials extracted from the five case-studies, such
as: monotonic tensile strength, chemical composition, microstructures, hardness, notch toughness and fa-
tigue crack propagation. In terms of monotonic tensile tests, the materials from Luiz I, Eiffel and Fao bridges
are similar to puddle steel and the materials from Pinhdo and Trezdi bridges are similar to mild steel. In
terms of toughness only the material from the Pinhao bridge exhibits acceptable toughness properties, con-
sidering current design requirements. The materials from the other bridges exhibit relatively low toughness
properties. The fatigue crack propagation data from the old Portuguese riveted steel bridges were correlated
using the Paris’s law and the possibility for a design crack growth rate was discussed.

Keywords: monotonic tests, microstructure, chemical characterization, notch toughness, fracture mechanics.

Introduction

A great concern of the governmental agencies is the
maintenance and safety of existing bridges, in particu-
lar, highway and railway riveted bridges from the end
of the 19" century and beginning of the 20 century,
since they were designed for completely different traf-
fic conditions, in terms of vehicles loads and frequen-
cy, that the ones they are under nowadays, leading to
problems such as fatigue (De Jesus et al. 2014b, 2014a;
Sanches et al. 2015). The governmental entities are re-
sponsible for maintaining and retrofitting those kind

of structures to assure high safety levels, requiring
high investments (Fernandes et al. 2004; Figueiredo
et al. 2004, 2006; Jorge et al. 2006; Correia et al. 2008a,
2008b; De Jesus et al. 2011).

The correct maintenance and retrofitting of old
steel structures requires the use of adequate diagnostic
and evaluation tools and methods leading to cheaper
and secure solutions, following the normative regula-
tions of modern structures (Shinae et al. 2013; Lesiuk
et al. 2015; Ohga et al. 2010; De Jesus et al. 2010).
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The steels of old structures exhibit a tendency for
microstructure degradation processes (Lesiuk 2013).
According to the Linear Elastic Fracture Mechanics
(LEFM) the crack propagation data is essential to pre-
dict about fatigue life (Correia et al. 2008b). This is
an important alternative to the usual code based S-N
curve procedures, especially regarding to residual life
estimations (Correia et al. 2008b). The knowledge
about the variability analysis of fatigue crack growth
rates is very important since the LEFM requires the
definition of an initial crack, this is previous fatigue
damage (Correia et al. 2008b).

This works aims to present a review of the old
steels mechanical characterization, including mono-
tonic tensile strength, chemical composition, micro-
structures, hardness, notch toughness and crack prop-

215

agation. The case-study bridges are: Luiz I (Fig. 1a),
Eiffel bridge (Fig. 1 b), Fao (Fig. 1c), Pinhao (Fig. 1d)
and Trezoi (Fig. le).

Luiz I bridge (Figure 1 (a)), designed by Théo-
phile Seyrig, binds the cities of Porto and Gaia. The
bridge serves both highway and railway traffic and was
finished in 1886 (Correia ef al. 2008b). The bridge has
a double deck supported by an arch, with a radius of
45 m, a span of 172 m and a width of 8 m (the origi-
nal width was 6 m) (Correia et al. 2008b). The length
of the upper deck is 391.25 m and the length of the
lower deck is 174 m. The Eiffel bridge (Fig. 1b), was
designed by Gustave Eiffel and inaugurated in 1878.
This bridge bonds Darque and Viana do Castelo, and
serves highway and railway traffic. The bridge has a
length of 573 m, split in nine spans, and a width of

Fig. 1. (a) Luiz I bridge (adapted from Fernandes et al. 2004); (b) Eiffel bridge (adapted from Jesus et al. 2011);
(c) Fao bridge (adapted from De Jesus et al. 2014a); (d) Pinhao bridge (adapted from Figueiredo et al. 2004);
(e) Trezoi bridge (adapted from Correia et al. 2008a)
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6 m (Correia et al. 2008b). The highway Fao bridge
(Fig. 1c) was inaugurated in 1892 and connects Fao
to Esposende (Silva 2009b). The length of the bridge
is 267 m and width is 9.44 m (Correia et al. 2008b).
The longest span has 38.5 m (Correia et al. 2008b).
The Pinhdo railway bridge (Fig. 1d) was designed by
Gustave Eiffel and built between 1903 and 1906. The
bridge links Pinhao to Sdo Jodo da Pesqueira and Peso
da Régua. The bridge is composed by three spans with
68.8 m each and one span with 10 m (Correia et al.
2008b). The width of the deck is 6 m, with one traffic
lane with 4.60 m and two sidewalks with 0.675 m each.
The Trezoi railway bridge (Fig. 1e) was inaugurated in
1956 and is part of the Beira Alta railway line (Correia
et al. 2008b). The total length of the bridge is 126 m,
and is composed by three continuous spans of 39, 48
and 39 m and the width of the deck is 4.40 m (Correia
et al. 2008b).

1. Monotonic tensile strength

The tensile strength tests were performed in the origi-
nal materials of the bridges that were replaced for new
ones. A diagonal of 1600 mm was removed from the
Luiz I bridge, a diagonal with a length of 1500 mm and
a bracing with 1400 mm were removed from the Pin-
héo bridge and a bracing with 3000 mm was extracted
from the Trezoi bridge (Raposo et al. 2017). The Eiffel
bridge was under a process of rehabilitation where the
highway viaduct was removed and replaced by a new
one, and the material for testing was extracted from
the girder of this viaduct (Raposo et al. 2017). The Fao
bridge was rehabilitated in 2007 and seven diagonals
were removed and replaced by new ones, being the
material used for testing from those diagonals.

1.1. Principle of the test

The monotonic tensile tests followed the principles of
the Portuguese Standard NP EN 10002-1. The speci-
mens geometry was round (Fig. 2), machined from the
original members extracted from the five bridges under
study. The dimensions of the specimens are presented
in Table 1. The number of specimens prepared was:
- Luiz I bridge: 5 specimens from the diagonal
member;
- Eiffel bridge: 4 specimens in the longitudinal
and 4 in the transverse directions of the girder;
- Fao bridge: 22 specimens from the diagonal;
- Pinhéo bridge: 14 specimens, 7 from the diago-
nal and 7 from the bracing;
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- Trezéi bridge: 3 specimens from the bracing

member.

The test consists in the application of a monotonic
increasing tensile load in the specimens. The materi-
als extracted from the bridges presented distinct sizes
so different diameters were selected for the specimens
(Table 1). The strength and elastic properties (Young’s
modulus, E, and Poisson’s ratio, v) were estimated.

Fig. 2. Typical specimen used in the monotonic tensile tests

Table 1. Cross-sections of the specimens used in the
monotonic tensile tests of the old steels

Bridge .. Diameter, | Cross-section,
> Origin 5
material mm mm’
Diagonal 6 28.27
Luiz I
Diagonal 8 50.27
Viaduct 4 12.57
Eiffel Viaduct 5 19.63
Viaduct 6 28.27
Fao Diagonal 6 28.27
Diagonal 5 19.63
Pinhao
Bracing 8 50.27
Trezoi Bracing 8 50.27
1.2. Results

The modulus of elasticity, E, and the Poisson’s ratio, v,
of the materials extracted from Luiz I and Fao bridges
were acquired directly from the strain gauge measure-
ments. The elastic properties of the old steels from
the Eiffel and Trezoi bridges were obtained indirectly
from cyclic elastoplastic analysis. In Table 2 are pre-
sented the estimates of the monotonic tensile strength,
namely the ultimate strength, f, the yield strength, fy,
the elongation at the fracture, A, the reduction in cross
section at fracture, Z, and elastic properties, such as
Young’s modulus, E, and Poisson’s ratio, v, of all the
materials from old Portuguese metallic bridges. As it
can be seen in Table 2 the materials extracted from
Luiz I, Eiffel and Fao bridges have properties similar
with puddled steel and the materials from Pinhdo and
Trezoi bridges present a monotonic tensile strength be-
haviour alike mild steel.
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Table 2. Monotonic tensile and elastic properties of the steels

Bridge Material f,» MPa f,, MPa A, % Z, % E, GPa v
Luiz I 396.60 302.60 21.20 27.18 192.70 0.26
Eiffel 341.75 292.38 8.14 11.60 193.10 0.3

Fao 359.33 219.90 23.13 13.06 198.70 0.26
Pinhio 361.06 305.89 33.19 70.97 210.68 -
Trezdi 473.33 398.33 23.00 66.33 198.49 0.32

2. Chemical composition and microstructures

The materials extracted from the five bridges under
study (Luiz I, Eiffel, Fao, Pinhdo and Trezdi), with ex-
ception of the materials from Eiffel bridge, exhibits a
homogeneous ferrite microstructure of regular grains.
The material from Eiffel bridge presents a ferrite mi-
crostructure with different grain sizes and high level of
inclusions. The materials revealed a relative good ho-
mogeneity in terms of chemical composition.

2.1. Chemical composition

The chemical composition was studied using the spark
emission spectrometry technique. The Table 3 summa-
rizes the chemical composition of the samples of the
materials from the old metallic bridges. The chemical
analysis, in general, showed a relative good homoge-
neity of the materials. The contents of phosphorus (P)
and sulphur (S) are low and are within the acceptable
values for modern steels. The materials extracted from
the Luiz I, Eiffel and Fao bridges are more similar,
chemically, with puddle streel while the materials from
Pinhao and Trezoi bridges are similar to current mild
steels.

2.2. Microstructures

Samples from materials from old Portuguese bridges
were analysed in a microscope and their microstruc-
ture is presented in Figure 4 to Figure 7. In general,

the materials are composed of a ferrite microstructure.
The material from Pinhao and Trezéi bridges present-
ed perlite, with a more homogeneous microstructure
of regular grains than the other materials.

In Figure 3 is presented the microstructure of the
materials extracted from Luiz I bridge. The material
is composed by ferrite, as expected from the observa-
tion of the chemical composition results (Table 3), due
to the low carbon (C) and manganese (Mn) contents,
with low volume fraction of perlite.

The microstructure of the material from Darque
viaduct from Eiffel bridge is presented in Figure 4. In
this figure is observed a ferrite microstructure with
a high level of inclusions and different grain sizes.
The material from the web of the longitudinal mem-
ber (girder) exhibits a higher level of inclusions and
greater grain sizes than the material from the bracing
member.

Figure 5 shows the microstructure of the original
material from Fao bridge. This figure shows a ferrite
structure and inhomogeneous grain size. Also is ob-
served a significant amount of inclusions/heterogenei-
ties, typical of puddle irons, the precursor of modern
construction steels.

The microstructures of the diagonal and bracing
members of the Pinhdo bridge are presented in Fig. 6a
and b, respectively. This material has a ferrite micro-
structure with low content of perlite and some aligned
inclusions.

Table 3. Chemical composition of the materials (wt.%)

Bridge Material C, % Si, % Mn, % P, % S, %
Luiz I Diagonal 0.72 0.34 2.09 >0.15 >0.15
Darque viaduct 0.23 0.39 1.78 >0.15 >0.15

Eiffel
Bridge* 0.81 0.24 2.71 >0.15 >0.15
Fao Diagonal 0.09 0.06 0.13 0.14 0.007
Diagonal 0.06 <0.01 0.04 0.04 0.03

Pinhéo
Bracing 0.05 <0.01 0.34 0.04 0.04
Trezoi Bracing 0.06 0.03 0.34 0.02 0.02

Note: *Determined with a portable emission spectrometry.
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Fig. 3. Microstructures of the material from the Luiz I bridge

a) Web of the longitudinal member of girder b) Bracing member

Fig. 4. Microstructures of the material from the Eiffel bridge

a) 200 pm b) 50 pm

Fig. 5. Microstructures of the material from the Fao bridge

Finally, the Figure 7 presents the microstructure structure of the bracing member (parallel to the roll-
for the material from the Trezoi bridge. In this material ing direction), presented in Figure 7 a) is composed of
is observed, essentially, a ferrite microstructure, which  grains of ferrite, some lined up inclusions and small
is expectable due to the low carbon content observed amounts of perlite.
in the chemical analysis (Table 3). The material micro-
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a) Diagonal member
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b) Bracing member

Fig. 6. Microstructures of the material from the Pinhdo bridge

a) Parallel to the rolling direction (bracing member)

b) transverse to the rolling direction (bracing member)

%
200 pm
—_—

Fig. 7. Microstructures of the material from the Trezoi bridge

3. Hardness analysis

The hardness of the materials of the bridges was meas-
ured with Vickers hardness test, accordingly to the
procedures of the NP EN 10045 standard. The test
was performed for: 3 samples of the material from the
diagonal of the Luiz I bridge; 2 samples of the mate-
rial from the diagonals from Fao bridge; 3 samples of
the material from the diagonal and 3 samples of the
bracing of the Pinhao bridge; 3 samples of the material
from the bracing of the Trezdi bridge.

The average hardness of the material from: Luiz
I bridge is 158 HV 50; Fao bridge is 63.1 HV from 22
measurements, with a standard deviation of 4.7 HV
(Silva 2009a); Pinhdo bridge from the diagonal and
bracing, is 108 HV 40 and 116 HV 40, respectively;
Trez6i bridge is 136 HV 40. The data of Eiffel bridge
is not available (De Jesus et al. 2011; Figueiredo et al.
2004, 2006; Jorge et al. 2006; Correia et al. 2008a).

4. Notch toughness

The notch toughness of the materials from the five
bridges was measured using both Charpy V-notch im-
pact and COD tests. The Charpy V-notch impact tests
were carried out according to the procedures of NP
10045-1 standard for several temperatures. The COD
tests were conducted following the procedures of the
BS 5762 standard. The thicknesses of the specimens
were limited by the thickness of the members extracted
from the bridges. In Table 4 and Table 5 is presented a
summary of the Charpy V-notch and COD test results,
respectively. The minimum allowable Charpy V-notch
strength, according to Eurocode, for a material classi-
fied according to the EN 10025 Class B (same type of
the material studied), should be 27 J at a specified tem-
perature. According to this principle, only the material
from the Pinhao bridge exhibits acceptable toughness
properties. The materials from the other bridges ex-
hibit relatively low toughness properties.
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Table 4. Charpy-V tests

Bridge Origin Direction Thickness, mm Specimens, No Energy, | Temperature, °C
5 13 0
Luiz I Diagonal Longitudinal 6
11 14 22
Eiffel Viaduct Longitudinal 5 - 7 0
Fao Diagonal Not available Not available Not available Not available Not available
Longitudinal 4 89 19
Bracing 7.5
Transverse 4 26 19
Pinhao
Longitudinal 4 107 19
Diagonal 7.5
Transverse 4 20 19
5 24 26.5
Longitudinal
3 6 -10
Trezdi Bracing 10
4 16 26.5
Transverse
4 4 -10

Table 5. COD tests

Bridge Origin Direction Thickness, Specimens, | COD “pop-in’} | COD F_ Temperature,
mm No mm mm °C
Longitudinal 1 0.343 1.360 20
Luiz I Diagonal Longitudinal 6 1 0.236 0.940 -1
Longitudinal 2 0.173 0.950 18
Eiffel Viaduct Not available | Not available | Not available | Not available | Not available | Not available
Fao Diagonal Not available | Not available | Not available | Not available | Not available | Not available
Bracing Longitudinal 7 3 0.017 0.765 24
Pinhao Longitudinal 2 0.030 0.972 22
Diagonal 9
Longitudinal 1 0.022 0.905 19
7 0.028 1.188 26.5
Trezoi Bracing Longitudinal 9
4 0.030 0.720 -10
5. Fatigue crack propagation rates Table 6. Properties of the specimens of the materials
of each bridge

5.1. Specimens geometry and tests conditions

Bridge | Geometry | Thickness, | Width, Stress

The fatigue crack propagation rates of the material mm mm ratio, R
from old metallic bridges is also concern of this study. Luiz I MT 10 40 01
The crack growth tests were conducted according to o1
ASTM E647 (ASTM International 2015). The compact | Fiffel T 435 40 05
tension (CT) geometry was used for all cases with the 0.0
exception of the Luiz I bridge, for which the middle Fiio CT 3 60 0.25
tension geometry (MT) was adopted. Were tested 4 0(?'755
specimens from the Luiz I bridge, 5 specimens (1 ac- 00
cording the longitudinal direction and 4 according the | p; ni0 CT 435 40 01
transverse direction) from the Eiffel bridge, 12 speci- 0.5
mens of the Fao bridge, 13 specimens (6 from the diag- 0.0
onal and 7 from the bracing) from the Pinhdo bridge, | Trezoi CT 8 50 025
and finally 8 specimens from the Trezéi bridge. Due 0>

to limitations in material availability, distinct dimen-
sions for the specimens were adopted as is presented
in Table 6.
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The fatigue tests were performed in air, at room
temperature, under a sinusoidal waveform with a fre-
quency of 20 Hz for all the materials except the mate-
rial from Luiz I bridge, which was tested under a fre-
quency of 10 Hz.

5.2. Results and discussion

The Figures 8,9, 10, 11 and 12 present the experimental
results obtained for the specimens of the materials from
Luiz I, Eiffel, Fao, Pinhao and Trezdi bridges, respec-
tively. The power law was used to make the correlation
of the results, as proposed by Paris & Erdogan (1963),
and presented in equation (1) (De Jesus et al. 2010;
Hafezi et al. 2012; Correia 2012; Correia et al. 2017).

ﬂch -AK™,

N (1)

where da/dN is the crack propagation rate; AK is the
stress intensity factor range and C, m are material con-
stants. The results from the specimens from Luiz I, Eif-
fel and Fao bridges presented the highest scatter, which
is consistent with the age of those bridges, since they
are the oldest ones, and their materials show important
heterogeneities. The Pinhao bridge results revealed a
relative low scatter, which is also consistent since this
material is about 25 years younger than the materials
from the previous ones, revealing good homogeneity,
similar to the modern steels. Trezo6i bridge, which is
the most recent, presents very low scatter.

The Eiffel bridge is the most affected by the stress
ratio influence. The crack propagation rates of the ma-
terial of this bridge were measured in the girder longi-
tudinal (L) direction and only one test was performed
in the transverse direction (T). The transverse direc-
tion (T) test suggests a lower crack propagation rate
in this direction.
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The Fao bridge material is influenced by the stress
ratio, having the lowest scatter for R = 0.25 and R =
0.75.

The material from the bracing (B) and diagonal
(D) of the Pinhao bridge exhibits slightly different
crack growth rates for R = 0.0, which not occur for
the other stress ratios.

The crack propagation rate of the material from
the Trezdi bridge slightly increases as the stress ratio
increases, so this material is also sensitive to the stress
ratio.

In Figure 13 are presented the results obtained for
the materials of all the bridges. It was derived a unique
relation for all data together. A linear regression was
applied, resulting in a determination coefficient, R? =
0.74, which is a high value, considering the different
origins of the materials studied. In Figure 13 can be
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observed the divergence of the values of the material
from Luiz I and Fao bridges from the mean values,
resulting in higher crack propagation values. It is also
possible to detect that one specimen of the Eiffel bridge
exhibits lower crack propagation rates for intermediate
stress intensity factor ranges. The Paris’s law constant,
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Fig. 12. Fatigue crack growth data of the material from the
Trezéi bridge: a) R = 0.0; b) R = 0.25; ¢c) R = 0.5;
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m, obtained for the results of all the materials is higher
than 3.0, being this value usually adopted in current
design codes of practice indirectly as the slope of S-N
curve of structural details (Acier 1996). In the exist-
ing literature for modern steels (Acier 1996) is recom-
mended a value of C: 1.2x10713 < C < 5x10713, being
the obtained value significantly lower. In Figure 13 was
also defined an upper boundary that can be used for
design purposes, parallel to the linear regression of the
results. Some of the results of the Luiz I and Fao bridg-
es are above the upper boundary, however these values
correspond to the phase III of crack propagation. Con-
sidering the slope, m = 3 was designed another up-
per boundary, in which the value of C is also different
from the referred in the literature, being bigger (Acier
1996). A design crack propagation curve with a slope,
m =3 and a C = 2.0x1071? will lead to safer results
for all the materials studied. For this latter case, the C
constant happens to be higher than the values referred
in literature for modern steels (Acier 1996).
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Fig. 13. Crack growth data for all materials

Concluding remarks

The study of the structural degradation of the old steels
is of great importance in order to perform intervention
and repairing operations in old steel structures.

In this study was observed that, in general, a sig-
nificant correlation between the mechanical perfor-
mance of the materials and their age. The older the
materials, the lower were the mechanical properties,
which is correlated with the production techniques
since they evolved with time and the newer the mate-
rials, the better is their quality.

The material from Trezo6i bridge presents higher
strength properties, expectable since is closer to mod-
ern steels. In terms of monotonic tensile tests, the ma-
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terials from Luiz I, Eiffel and Fao bridges are similar
to puddle steel and the materials from Pinhdo and
Trezoi bridges are similar to mild steel. In the studied
materials was spotted, when comparing the yield and
ultimate strengths a relative small strain hardening,
when compared with actual steels. This behaviour is
compatible with the microstructure of ferrite with low
volumetric fraction of perlite.

In general, the studied materials present high
ductility, with the exception of Eiffel bridge material,
since it presents a relative small ductility, which could
be justified by the high level of inclusions observed in
the microstructure.

The materials extracted from the Luiz I, Eiffel and
Fao bridges, chemically, are similar to puddle streel
while the materials from Pinhdo and Trezoéi bridges
are analogous to current mild steels. In general, the
materials are composed of a ferrite microstructure. The
material from Pinhdo and Trezdi bridges presented
perlite, with a more homogeneous microstructure of
regular grains than the other materials.

In terms of toughness only the material from the
Pinhdo bridge exhibits acceptable toughness proper-
ties, considering current design requirements. The
materials from the other bridges exhibit relatively low
toughness properties.

The fatigue crack propagation results showed that
the Paris law gives a good description of the fatigue
crack growth data, for each stress ratio. The expo-
nent of the Paris law resulted always greater than the
value suggested by codes of practice (m = 3) and C
coeficient was in order of magnitude lower than that
recommended in literature for modern construction
steels. A design fatigue crack propagation curve was
proposed taking into account 42 fatigue crack propa-
gation tests for the material from five distinct Portu-
guese riveted steel bridges.
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