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Abstract: This article presents the results of testing of the strength of structural steel taken from a
railway bridge. It was built within the borders of today’s Poland during the late 19th century and
was in use for over 100 years, until the early 21st century. The main mechanical parameters of the
bridge steel, such as its static and impact strength were determined. The results of the analysis of
fracture surfaces with the aim of the identification of the material’s macrostructure are also presented.
This article discusses the findings and analyses the values of material parameters in the context of
requirements resulting from existing standards, and compares the results with those obtained during
the testing of bridge steels of a similar age and operational period.
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1. Introduction

Concrete, steel, wood and masonry are still the most popular materials used in the
field of structural engineering. Compared to these, modern structural steel is a relatively
new material, as its use in construction effectively dates back only to the 19th century, when
the technology of its production was developed. At that time, due to its high and favourable
strength parameters, steel had relatively quickly become the main structural material and
was used for the construction of many large-scale structures. Metallic materials, such as
iron and then steel, were used relatively early on a wider scale for the construction of
bridges. This was due to the demand for the construction of railways during the industrial
revolution, which began in England in the 18th century. Iron Bridge, built in 1779 using
cast iron elements and opened on 1 January 1781 in Ironbridge in England, is the world’s
first bridge made of materials other than wood and stone. This year may, therefore, be
considered as the beginning of modern bridge construction. During the following period,
bridge structures were built using puddled and cast steel, as a result of the modernisation
of the technology of their production. From the late 18th century, cast iron, and then steel
bridges and viaducts were also built on the territory of today’s Poland, which was then
under partitions until 1918. Many of these structures built in the 19th century still exist and
are still in operation.

Although steel structures which are now historic are relatively recent when compared,
for example, to ancient structures, due to the properties of this material, they require preser-
vation, and sometimes repair or reinforcement. This is necessary due to the occurrence
of ageing processes of steel used for the construction of elements of building structures,
which is exposed to various influences for many years during its operation. Degradation
processes which affect the structure of structural steel in this case result in the reduction in
the values of its mechanical parameters.

In the case of steel structures, significant reduction in the strength of steel may result
in the decrease in their load-carrying capacity. When this is the case, the load-carrying
capacity of such structures is reduced, and may even be insufficient for safe operation.
Structures built in the 19th century have now been in operation for over 100 years, and
many of them are still used in many countries around the world, including Poland. The
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relevant requirements are currently defined by standard EN 1990 [1], which states that
the maximum operational life of bridge structures should be a minimum of 100 years.
There are a number of factors that significantly reduce the durability of bridges [2]. This
is why new solutions are constantly being sought after that will increase the operational
life of bridges. In addition, it should be noted that integral bridges are among the modern
constructions which meet these expectations [3-5]. In reference to old bridges exposed to
multiple hazards, mostly due to material degradation processes, it is necessary to carry out
tests of the strength of various types of structural steel used since the 19th century. Upon the
determination of actual strength parameters of the material, it is then possible to evaluate
the load-carrying capacity of structures built in this period, and to verify their operational
safety on the basis of existing standards. It should be noted that the above works are
undertaken in many countries around the world [6-15]—e.g., Poland [16-22]. Studies of
various material properties of old steels extracted from the engineering structures other
than bridges, are also very helpful in such analyses [23].

This article presents the results for tests performed on steel taken from a bridge built
in the late 19th century in Poland—a structure which has been in operation for over one
hundred years. It presents the main mechanical parameters of the tested steel and its
macrostructure. The results obtained can be used for the purposes of analyses of the
load-carrying capacity of structural elements of structures made of steel of similar age
and type.

2. Materials and Methods

The tests were performed on structural steel taken from a railway bridge which was
built in the late 19th century on the territory of today’s Poland. It was one of the bridges
situated at the two railway routes—Radom-Tomaszéw and Warsaw—Cracow—which are
one route on a certain line. The bridge was built to serve one railway track, while there
were 3 tracks in total. It was built in order to overcome a terrain obstacle in the form
of a dry pit. The bridge was intended for normal rail traffic. This line covered wagon
trains, cargo trains as well as rail buses and EMU (Electric Multiple Unit). The rail traffic
corresponded to Load Model 71 according to EN 1991-2 [24]. This model represents the
static effect of vertical loading due to normal rail traffic. For standard rail traffic (EC Mix),
the traffic volume per year may be assessed totally as 25 x 10° t, due to the fact that there
was one track. The bridge from which the steel for tests was taken had a beam structure
(Figure 1), which consisted of two single-span steel structural girders made of riveted sheet
metal, with an I-beam cross-section. The length of the bridge span was 16.6 m, and the
section height of bridge in the middle of the span was 1.71 m.
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Figure 1. View of railway bridge from late 19th century, from which the tested steel was taken.

Structural girders had an I-beam cross-section and were made of riveted sheet metal
and angle bars. Figure 2 shows the cross section of the bridge structure in the centre of
its span and the support zone. Its web was made of a 1600 x 14 mm metal sheet, while
the flanges were made of L100 x 100 angle bars, connected using 220 x 12 + 300 x 12
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and 220 x 16 metal sheets, which were situated at the top and bottom, respectively. The
girders had a variable cross-section, because only one metal sheet was used in the support
zone per each flange, with the number of metal sheets increasing towards the centre of
the span, where 4 metal sheets were used. The load-carrying structure of the bridge was
braced using X-shaped transverse beams consisting of L 80 x 8 equal-armed angle bars.
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Figure 2. Mid-span and support-zone cross-section of railway bridge from late 19th century.

Due to the fact that the bridge was built in 1885 and was in use until 2007, the period
of its operation lasted approximately 122 years, which according to the currently applicable
requirements of standard EN 1990 [1] significantly exceeds its maximum operational life.
Other requirements were to obtain maximal speeds as 110 km/h for wagon trains, rail buses
and EMU and 80 km/h for cargo trains. This was impossible due to the poor technical
condition of the bridge. In the end it was dismantled because of the structure deterioration,
mainly due to advanced corrosion of its main structural elements (Figure 3). This posed a
very realistic hazard in the context of its operation.

Figure 3. View of corroded sections of the structure of railway bridge from late 19th century.

Bearing in mind the above, we were interested in establishing the actual strength of
the structural material of the railway bridge in question. The scope of undertaken tests
included the identification of the main mechanical parameters of bridge steel, such as
static and impact strength, and the characterisation of its macrostructure. The tests were
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performed as part of the procedure for the structural assessment of metal structures using
acoustic emission, with a focus on steel bridge assessment [25].

3. Results
3.1. Main Mechanical Parameters

The mechanical parameters of bridge steel were defined on the basis of a static tensile
test, carried out at room temperature with the controlled increase in displacement. Test
conditions were accordant with those specified in standard PN-EN 10002-1 + AC1 [26].
According to the standard, mechanical properties are defined using samples with a circular
or rectangular cross-section.

Tests were performed on samples taken from the structural girders of the bridge, by
cutting them in two directions: longitudinal and transverse to the direction of rolling. Tests
were performed using an MTS strength testing machine, via the process of controlled load
application by the displacement of an actuated piston with the speed of 0.125 mm/s. The
signal of displacement of the actuator, the force signal and the signal of elongation of
extensometer, mounted on the measured section of the base sample of the length of 50 mm,
were all recorded during the tests.

Flat samples with a 10 x 10 mm* working cross-section area were used for the
definition of steel strength properties. The selection of such samples was dictated by the
thickness of the plate cut out from the bridge section. The plate was 12 mm in thickness,
and following its machining by milling and grinding, it was possible to obtain samples of a
maximum thickness of 10 mm.

A dozen pieces were extracted from the bridge for each longitudinal and transverse
direction of rolling. They were tested in three different groups of specimens, but the
results were very similar for the whole population. In order to ensure the most complete
results, the group intended for a wide focus of research covering the mechanical, micro
and macrostructural parameters is presented in this paper as representative. In fact,
four samples were tested in this group to determine the mechanical parameters for each
longitudinal and transverse direction of rolling. The Chauvenet’s statistical criterion was
applied to reject atypical results from a population of four specimens and ensure a proper
level of homogeneity in the results.

The tests resulted in the definition of the main strength parameters of the bridge steel:
upper R,y and lower R, yield strength, ultimate tensile strength R;; as well as percentage
elongation after fracture A and percentage reduction in area Z. The defined parameters
were determined on the basis of a population of n = 3 samples, individually for both
longitudinal and transverse directions of rolling. A statistical analysis was performed to
determine the mean values, standard deviation and confidence interval for the assumed
significance level of 5%, for the obtained results. The achieved results can be observed in
Table 1. As we can see, for the significance level of 5%, very low values of error bounds
were identified.

2

Table 1. Main mechanical parameters of bridge steel.

Longitudinal Direction Transverse Direction
ReH ReL Rm A V4 ReH ReL Rm A V4
Parameter [MPa] ~ [MPa]  [MPa] [%] [%] [MPa] ~ [MPa]  [MPa] [%] [%]
Mean value 242.3 237.0 368.7 375 62.7 243.7 238.0 368.3 35.6 57.3
Standard 153 3.00 1.53 0.50 0.96 3.79 1.00 153 1.22 1.15
deviation
Error bound 1.73 3.39 1.73 0.57 1.09 428 1.13 1.73 1.38 131

Figure 4 illustrates the typical o—e stress—strain curves for samples cut out in longitu-
dinal and transverse directions of rolling, respectively. Values of stress o illustrated in the
graphs were calculated as the quotient of the force value and the initial cross-section of
sample Sy. Values of strain ¢ were obtained by dividing the recorded values of elongation
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of the extensometer by its base length, Ly. The illustrated curves are “engineering” graphs,
which do not take into consideration any changes in the cross-section of samples during
load application.
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Figure 4. Typical engineering stress—strain o—e curves for bridge steel from late 19th century for
longitudinal and transverse directions of rolling.

3.2. Analysis of Macrostructure of Fractures

A macrostructual analysis was performed on the fractures of samples which were
separated as a result of the undertaken static tensile tests. Another series of samples, cut
out from metal sheets used for the construction of the girders, was used for these tests,
the only difference being that they were not subject to grinding. This allowed us to obtain
structural views of the fractures and the deformation of elements in their original form.

Observations revealed the occurrence of zones of significant plastic deformation in
the vicinity of the fractures (Figure 5a). They were of significant size and extent, as they
started in the fracture plane, and ended at a distance comparable to the dimensions of a
sample’s cross-section.

(a) (b)

Figure 5. Fracture surface of analysed bridge steel from late 19th century: (a) “cup-type” part of separated sample;

(b) macrostructure.
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The fractures themselves demonstrated a heterogeneous structure of significant coarse-
ness. Using relatively low magnification, it was possible to clearly observe the graining of
the material on both surfaces of the separated samples (Figure 5a).

The configuration of the surfaces of the separated parts of samples was different, of a
cup-cone type. In one section, the outer surfaces of fractures in the area of the corners of
the cross-section were oriented at an angle of 30 <~ 45° in relation to the sample axis. These
areas formed a kind of a “crown” around the central section, which corresponds with a
cup-type surface (Figure 5a). The inner surface of the fractures did not form a uniform
surface and consisted of concave and convex areas. The surfaces of fractures of other parts
of samples represented a mirror reflection of the described areas and were of the cone type.
On the basis of the above observations, fractures of the analysed bridge steel were classified
as combined. The outer parts of the samples were subjected to shear fracture, while the
core was separated as a result of brittle fracture of quasi-cleavage type.

Another, very characteristic effect was also observed on the surfaces of the fractures.
Layer separation was observed along the entire width of the samples, in a direction
perpendicular to the thickness of the metal sheet. This is clearly visible in Figure 5b in the
form of dark, horizontal lines. This layer separation occurred from the fracture surface to
the depth of several millimetres.

In conclusion to the results of the macrostructural analysis, and taking into consid-
eration the determined strength and the material’s age, it can be stated with a significant
level of probability that the properties of the analysed steel correspond to the puddled
steel, which was widely used for the construction of bridges in Poland during the late
19th century.

3.3. Impact Strength

The second phase of the task consisted of the testing of the impact strength of bridge
steel in ambient temperature. The aim of these tests was the experimental definition of the
impact strength of the material, by way of the measurement of energy needed to break the
given sample in a defined temperature.

The analysis was carried out on samples cut out from the structural elements of the
bridge. Samples were obtained and prepared for testing in accordance with standard
PN-EN ISO 377 [27]. Experiments were carried out on standard samples with V-shaped
notches, of a 10 x 10 mm cross-section and a length of 55 mm. Notches with an angle of
45°, depth of 2 mm and the bottom radius of 0.25 mm were used. Samples cut out in a
direction longitudinal and transverse to rolling were considered.

Tests were performed in an ambient temperature of +23 °C. A Charpy pendulum
machine with an initial energy of 300 + 10 J, which was compliant with the requirements
of standards PN-EN 10045-1 [28] and PN-79/H-04371 [29], was used during experiments.
The test criterion was assumed to be the breakage of the sample.

Impact strength U [J/cm?] was determined on the basis of a population of n = 3
samples for both longitudinal and transverse directions of rolling. The main values were
defined, such as the mean value, standard deviation and confidence interval for the as-
sumed significance level of 5%. The results are listed in Table 2.

Table 2. Impact strength of tested bridge steel.

Longitudinal Direction Transverse Direction
Parameter u u
[J/em?] [J/cm?]
Mean value 62.9 107.3
Standard deviation 7.53 8.08

Error bound 8.53 9.15
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4. Discussion

With reference to strength testing, it was primarily observed that each of the tested
samples demonstrated a certain scope of plastic flow and a clear yield point. This can be
observed in the examples of engineering stress—strain curves shown in Figure 4, both in
longitudinal and transverse directions of rolling. Therefore, it was relatively straightfor-
ward to establish the strength of this bridge steel, which is defined by its yield point. In
this case, according to standard EN 10025-1 [30], we assumed the lowest value recorded for
the tested sample population. For both directions, longitudinal and transverse to rolling,
this was R,y = 241 MPa. If we assume that structural elements are made of material of the
orientation longitudinal to the direction of rolling, the value of R,y = 241 MPa should be
considered as the strength of the analysed steel.

In the course of analysis of results obtained in terms of yield stress, it was generally
observed that tests for samples of both orientations were very homogeneous. This applies
both to upper and lower yield strength, as well as ultimate strength. The obtained standard
deviations are relatively low, because their maximum value is 3.79 MPa for upper yield
strength, whereas minimum value is only 1.0 MPa for lower yield strength for transverse
direction. Thus, it can be observed that the analysed material is very homogeneous in
terms of its strength. Naturally, this also applies to mean values of individual strength
parameters, which have very similar values.

In terms of ultimate strength, minimum values defined for both the longitudinal and
transverse directions are R, = 367 MPa. Mean values of these parameters are R;;, = 368.7
MPa and R, = 368.3 MPa. As in the case of the yield point, very homogeneous test results
were also obtained for ultimate strength for both directions of samples individually, and
in combination.

This homogeneity can be very clearly observed in the graph illustrated in Figure 6,
which demonstrates the values of individual parameters and their mean values for samples
cut out in the longitudinal and transverse direction of rolling.
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Figure 6. Illustration of values of yield and ultimate strength defined in bridge steel samples cut out
in longitudinal and transverse directions of rolling.

On the basis of the above, the definition of yield point of the analysed steel at
Ry = 241 MPa means that this steel can be classified as medium-strength steel. This
value is lower than yield point values defined for bridge steel types of a similar age. For
example, according to data provided in [9], steel taken from a bridge built in 1909 in China
demonstrated a yield point of the value of Rs = 275.7 MPa. These values differ by about
14%, which is not a significant amount. In comparison to other examples, the differences
are higher. An example is the Eiffel bridge, which was built in Portugal in 1878—i.e., in
the similar period as the considered bridge. The strength of the puddled steel extracted
from the Fiffel bridge was f, = 292 MPa [21], which is about 21% higher than strength of
the tested bridge steel. A similar comparison can be made with reference to data listed
in [7] for steel bridges built in Sweden before 1901. In this case, the mean yield point may
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be assumed as f;, = 295 MPa. This value is 22% higher than R.y; = 241 MPa obtained for the
steel of the analysed bridge. In turn, for a bridge built in 1896 in the US, the yield strength
for rolled sections was estimated as 220 MPa [6]. This is almost 10% lower than the yield
stress of steel considered in this study. The same difference applies to the Fao Bridge, for
which the steel strength was identified as 0( 9, = 219.9 MPa [14]. However, in relation
to the “Most pod Cytadela” bridge erected in 1873 in Warsaw in Poland, the strength is
practically the same. The yield tensile strength for this structure was determined as equal
to 250 and 245 MPa [20], for longitudinal and transverse directions, respectively.

On the other hand, in comparison to type 5235 steel, which is widely used in con-
struction and bridge engineering, the analysed steel has a similar yield point. Standard
EN 10025-1 [30] requires this type of steel to have a yield point of the value of 235 MPa.
Simultaneously, the mean value of yield point determined in the course of static tensile
tests amounts to 320 MPa; therefore, the strength of the analysed bridge steel amounts to
approximately 75% of this value. This comparison is even less favourable when set against
the main type of steel used in bridge engineering—i.e., type S355 steel—which has a much
higher yield point defined in the course of experimental tests that amounts to 355 MPa.

Moving on to the discussion of parameters which determine the plasticity of the
analysed bridge steel, it can be observed that a minor difference between the A and Z
characteristics was noted in longitudinal and transverse directions of rolling. This is
clearly visible in the combined graph illustrated in Figure 7. The obtained mean values
of elongation of A = 37.5% and A = 35.6% for the longitudinal and transverse directions,
respectively, classify the analysed material as highly ductile steel. This level is similar to
that demonstrated by 5235 steel types.

70
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Figure 7. Illustration of values of elongation and area reduction defined on bridge steel samples cut
out in longitudinal and transverses directions of rolling.

It should also be noted that both A and Z deformation parameters obtained for the
tested bridge are far higher than the values reported in [14,20,21] for similar bridge steels.
The lowest values of A = 6% and Z = 5.6% were identified for the “Most pod Cytadela”
bridge [20] in the transverse direction to the rolling. On a different note, both of these
values are generally very low for structural steels. This proves the phenomenon of similar
strength with significant differences in ductility at the same time for compared steels.

With reference to impact strength, the first observation is the fact that its value varied
significantly depending on the direction of rolling. In the case of the longitudinal direction,
the average impact strength stood at U = 62.9 ] /cm?, while in the case of the transverse
direction it was U = 107.3 J/cm?. Thus, we can see that the ratio of these values gives a
relative difference of about 70%.

When comparing the obtained results with impact strength values defined for other
types of bridge steel of a similar age, it can be observed that this value is higher in
comparison with them. Charpy K, energy required for a failure of steel determined in
the temperature 0 °C for bridges constructed in Germany between 1901 and 1919 was
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18 J [31]. For bridge steel considered in this study, this is 50.3 ] for longitudinal direction
to the rolling. This is almost a three times higher Charpy energy than that estimated for
German bridges.

Upon the analysis of existing requirements for steel in accordance with standard
EN 1993-1-10 [32], it can be observed that the analysed bridge steel easily fulfils them.
According to [32], the minimum energy needed to fracture steel types 5S235/5275/S355,
which are comparable with the analysed steel in this regard, is CVN,,;, = 27 | at a the
temperature of +20 °C. In the case of the analysed steel, the minimum energy needed
to fracture it was observed in the case of one sample cut out in longitudinal direction
of rolling, and amounted to 44 ], at a test temperature of +23 °C. Therefore, in working
conditions and in ambient temperature, the analysed bridge steel fulfils the requirements
of existing standards.

5. Summary

The strength parameters of the analysed bridge steel, which was extracted from a
railway bridge that operated on the territory of Poland from the late 19th century till the
early 21st century, classify this material as medium-strength steel, taking into consideration
steel types widely used today in bridge engineering. On the basis of its characteristic yield
point of R.pr = 241 MPa, it is comparable with 5235 steel types. At the same time, it must be
noted that the values of the test-defined yield point of various types of 5235 steel are much
higher, often above 300 MPa. This allows us to conclude that the analysed bridge steel
from the late 19th century is much weaker in terms of its strength than steel types most
frequently used in bridge engineering. Furthermore, the analysed steel type demonstrated
relatively high ductility at a level of approximately 36%, which in the situation of the failure
of a structure built using this type of steel ensures a certain reserve of carrying capacity in
the post-critical range.

On the basis of impact strength test results, it can be observed that the minimum
amount of energy needed to fracture the analysed bridge steel was relatively high, and
fulfilled the requirements of existing standards for working conditions in ambient tempera-
ture. This especially refers to the requirements of standard EN 1993-1-10 [32] in view of the
possibility of the occurrence of brittle fracture, which defines this value for steel types of
similar strength at CVN,,;;, = 27 ], whereas the minimum value recorded for the analysed
steel was 44 J.

In sum, it should be emphasized that there is still a magnificent number of old steel
bridges operating all over the world. Although many of them are in good technical
condition, it is necessary to monitor their safety of use and check current load-carrying
capacity. In this field, many sophisticated methods were developed [33-36], which allow
us to analyse the stress and strain state in critical parts of the bridges prone to damage, as
well as to predict the emergency and model time to failure.
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