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Abstract

Maintenance of ancient road and railway metallic bridges has become a major concern for governmental agencies in the past few
decades. Indeed, since the construction of these structures, between the end of the 19" century and the beginning of the 20™
century, traffic conditions have evolved, both in weight and frequency. In the purpose to assess the remaining life of old metallic
bridges, some critical structural details have been identified and associated to S-N curves in order to be used in damage
estimation (using Palmgren-Miner’s rule for cumulative damage, for example). These constructional details are described by
design rules of several European and North American standards, such as the Eurocode 3, BS 5400 and AASHTO standards. The
particularity of ancient bridges is that hot riveted assemblies, commonly used for their construction, are not represented in most
construction standards. Further experiences on the matter by numerous research teams have suggested detail category C71 from
the Eurocode 3 as appropriate. In this paper, experimental data from double shear assemblies manufactures from three different
metallic ancient bridges is used to identify, through a statistical analysis, the S-N curves that best fit this constructional detail.
Portuguese and French puddled iron bridges were considered.
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1. Introduction

The phenomenon known today as materials fatigue, most specifically in metals, has accompanied the railway
industry since its beginnings. Indeed, its observation and study was (in no negligible part) encouraged by the
incidents during the first decades of railway exploitation. The Meudon accident in 1842 is a tragic example of this.

Fatigue as a failure mechanism is observed in pieces (or structures) subjected to cyclic loadings. Railway
infrastructure, particularly metallic bridges, is no exception. Indeed, this phenomenon is a cause of major concern
for railway industry managers. This can be explained in part by the sustained growth in railway networks, both in
traffic and infrastructure, across Europe for the past 150 years.

In this paper, we will focus exclusively in the fatigue behavior of metallic structures, most precisely in the ones
built in Europe using the hot riveting technique (Portuguese and French bridges were considered for this study). To
this purpose, fatigue tests were carried out for double shear riveted specimens. A statistical analysis of the obtained
data is given and a comparison with the current literature and construction norms is proposed.

2. Context

The understating of fatigue behavior of a structure is accompanied with numerous difficulties. Indeed, this failure
mechanism is known for its intrinsic scatter and sensitivity to numerous parameters (e.g. material, stress ratio R). In
the case of riveted assemblies, commonly found in ancient railway bridges, we must also take into account other
sources of uncertainty:

e The loading history of the structures (traffic archives) is not necessarily available for the entire period of
existence of the bridge. The true loading history of the structure might be incomplete or unknown.

e The hypothesis considered in stress estimations models (used in fatigue damage calculations) might
underestimate local stresses (e.g. parasite loadings in stringer to floor-beam connections) [1,2].

e Built during the second half of the 19th century, the majority of these metallic structures were made in puddled
iron. This metal (no longer produced today at an industrial scale) is known for its scattered, anisotropic and brittle
behavior. Indeed, given the circumstances of its fabrication during a period of large technological evolution in
Europe, the finished product contained numerous non-metallic inclusions randomly distributed [3].

¢ In addition to the variability found in material properties for puddled irons, the geometrical configurations for this
type of bridges is quite diverse. The second half of the 19th century was a period of innovation and technological
exploration. Construction norms could change significantly in the span of a few years and no unique approach
was considered in a European scale. The development of Eurocodes, for example, is rather recent (started in the
1970s).

The estimation of fatigue damage in ancient metallic structures is therefore a delicate and complex matter.

It must also be taken into account that no unique, or standard, experimental procedure exists to characterize the
fatigue behavior of this type of assemblies. The databases found in the literature are therefore particularly difficult to
compare to one another.

However, as concluded in multiple experimental campaigns the use of constructional detail C71 from de
Eurocode 3 [4] seems to be an appropriate conservative criterion for fatigue resistance for riveted assemblies [5,6].
Nevertheless, if used indistinctively for any type of assembly, this will imply that all fatigue damage in riveted
assemblies would be calculated without taking into account the geometrical configuration nor the type of applied
loads. Moreover, fatigue curves proposed in the Eurocode 3 (conceived for the construction of new metallic
structures, mostly welded) would be somehow applicable for riveted connections as well. This is strongly debatable
as shown by Taras and Greiner in their extensive study on experimental results for riveted structures found in
current literature [7].

In order to minimize the number of parameters in a given joint, fatigue testing data available from experimental
campaigns carried out in the Engineering Faculty of the University of Porto and University of Tras-os-Montes and
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Alto Douro in Portugal, and the University of Brest in France were analyzed. Three similar configurations of riveted
assemblies were chosen (all of them double shear connections). Each geometry is described in section 4.1.1.

The experimental strategy will therefore be divided in two main stages: the material and the structure. First, the
characterization of the mechanical properties of puddled irons found in the studied bridges is presented, and then,
the fatigue behavior of the double shear constructional details is studied.

3. Material characterization

As mentioned in the precedent section, puddled iron is no longer produced at an industrial scale, therefore, it is
necessary to recover the material for specimens from already existing structures. Three different bridges were used
for this purpose: The Fao Bridge, built in Portugal in 1892, the Eiffel Bridge also built in Portugal in 1878 and the
Bridge over the Adour River built in France in 1864. These three structures are shown in Figure 1.

(a) (b)

Fig. 1. Presentation of the studied bridges; (a) Eiffel Bridge (Viana do Castelo, Portugal); (b) Fao Bridge (Esposende, Portugal); (c) Bridge over
the Adour river (Bayonne, France).

In order to validate that the materials from these structures belong to the same family of metals (puddled irons),
micrographic observations were performed. As shown in figure 2, the three metals showed elongated and randomly
distributed non-metallic inclusions. This characteristic is a consequence of the puddling process which uses slags in
order to decarburize cast irons.

Fig. 2. Micrographs of the studied puddled irons; (a) Eiffel Bridge (Viana do Castelo, Portugal); (b) Fao Bridge (Esposende, Portugal); (c) Bridge
over the Adour river (Bayonne, France).

Moreover, tensile tests were also carried out. The mean values of the mechanical properties of the studied
materials are shown the following table.
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Table 1. Mechanical properties measured during monotonic tensile tests for the studied puddled irons.

Material Rpo.2 (yield stress) A (elongation)
Eiffel Bridge (Portugal) 292,4 MPa 8,1 %

Fao Bridge (Portugal) 219,9 MPa 23,1 %

Bridge over the Adour Bridge (France)  292,2 MPa 9%

As shown in Table 1, the mechanical properties of the puddled iron from the Eiffel Bridge and the Bridge over
the Adour River are very close. However, the puddled iron from the Fao Bridge shows a lower yield stress and a
higher elongation at failure.

4. Constructional detail characterization

Once the main mechanical properties of the materials were obtained, and their classification as puddled irons
confirmed, constructional detail specimens were studied.

4.1. Fatigue tests
4.1.1. Geometries considered

Numerous fatigue test campaigns might be found in the literature for riveted constructional details (see [5-17]).
However, and as shown by Taras and Greiner in [7], the absence of a common experimental procedure results in a
very rich, very diverse data base. The proposal of a common fatigue curve for all riveted assemblies seems neither
plausible nor useful. It is after all possible to over-estimate the resistance of certain details and to under-estimate the
resistance of others.

In order to compare riveted assemblies in similar loading configuration (double shear in our case), the following
geometrical configurations were studied: singe riveted double lap joints (see figure 3, also characterized under
monotonic loads in [18], single riveted double butt joints (see figure 4) and double riveted double butt joints (see
figure 5).
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Fig. 3. Riveted specimens fabricated from puddled iron pieces recovered from the Bridge over the Adour river (France); (a) layout of the
specimens; (b) some examples of the fabricated specimens.
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Fig. 4. Riveted specimens fabricated from puddled iron pieces from the Fao Bridge (Portugal) [10-13]; (a) layout of the specimens; (b) some
examples of the fabricated specimens (plate surfaces were machined and holes drilled).

@ (b)

Fig. 5. Riveted specimens from the Eiffel Bridge (Portugal) (original joints sliced from girders web) [10-13].

4.1.2. Results

The following figure shows the data obtained from classical fatigue testing for the assemblies shown in the

previous section.
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Fig. 6. Fatigue tests performed for double shear specimens fabricated from Portuguese and French ancient metallic bridges.
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Several conclusions can be proposed from the figure 6:
e (71 constructional detail does not represent a conservative lower boundary for range stresses over 150
MPa.
e The fatigue curve proposed by Taras and Greiner (Ac,=80 MPa, m=5) seems to be more suitable,
however it still under-estimates high cycle fatigue resistance.
e  There is no unique fatigue behavior for the tested specimens.
e The re-manufactured specimens showed less scatter behavior that the original riveted assemblies.
However, stress ranges are significantly different.
4.2. Statistical analysis
The results of the fatigue tests are generally presented in the form of S-N curves illustrating the relationship
between a given applied stress range, Ao, and the corresponding number of cycles to failure, Ny.
In order to represent this behavior, we adopted a linear model for the mean S-N curve, given by the following
equation:
Y=A+B-X )
with the dependent variable Y, and independent X, defined as follows:
X =logAo; Y = log Ny (2)
where Ao is the stress range and Ny is the number of cycles to failure.

Based on equations (1) and (2) it is possible to rewrite the S-N curves in the following alternative forms:
logN; = A+ B -logAc
or 3)
log Ao = —é + l - log N¢
B B
This representation of the S-N curve, can also be written as follows:
Ac™-N; =C “)
where m and C are constants which can be determined from the parameters A and B of the linear regression:
C=10%m=-B )
Estimates for the parameters A and B are determined based on the following equations:

A=Y-B-X (6)

TG =X - 1)
b= i’c:1(Xi _X)Z (7)
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where X and Y are the average values of the experimental values X; = log Ag; and Y; = log Ag;, respectively, and k
is the number of samples conducted to the rupture.

Also confidence bands were defined for the S-N curves. Rectilinear confidence bands were adopted since they
are commonly found in literature particularly in design codes.

These rectilinear confidence bands were defined as follows:

Y=A4+B-Xta-S=Ata-S)+B-X ®
Where a is an integer number and S the standard deviation of the residuals. In this analysis « = 1 and 2.
Figure 7 shows the mean S-N curve and the rectilinear confidence bands for fatigue tests performed for double
shear specimens from Portuguese and French bridges. Based on statistical analysis, a design S-N (mean S-N curve
+25) is obtained (m = 3.9 and Ao, = 51.7 MPa). In comparison with Taras and Greiner proposal [7], Ag, value is

somewhat higher while the parameter m (linked to the slope of the curve) is lower.
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Fig. 7. Statistical analysis for fatigue tests performed for double shear riveted specimens from Portuguese and French bridges.
5. Conclusions

Fatigue of riveted railway bridges is today a major concern of railway network managers all across Europe. The
evolution of traffic (speed, frequency and weight), as well as the long life service of many of these structures (over
100 years in many cases) makes their maintenance a delicate matter.

In this paper, double shear riveted assemblies fabricated from three existing ancient metallic bridges were
submitted to constant stress amplitude fatigue tests.

Through a statistical analysis performed on the combined group of experimental tests (all of them double shear
riveted specimens), a mean fatigue curve defined by m = 3.9 and Ao, = 95.3MPa was obtained. Confidence bands
of +5 (68%) and +25 (95%) were also calculated. For the 95% confidence band, the lower boundary is given by a
fatigue curve defined by m = 3.9 and Ag, = 51.7MPa. The upper limit is given by Ag, = 175.6 MPa.

The results showed that current fatigue curves considered in design codes (such as the Eurocode 3) might not be
well adapted to this type of constructional detail since the fatigue resistance seems to be underestimated in the high
cycle fatigue domain of the curve. However, and since the data in this particular area of the obtained experimental
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curves (after 2 X 10°cycles) is scarce, more tests are needed at lower stress. Indeed, most of ancient metallic riveted
assemblies are subjected to stress range below 150M Pa.
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