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Abstract
Strengthening old bridges is an increasingly relevant strategy for risk prevention and operation
continuity in management of infrastructures. Transportation networks are subjected to
progressively stricter environmental and load conditions, leading to a growing number of deficient
structures, also due to aging and deterioration. However, employable resources are finite, from
both economical and environmental points of view. For these reasons, strengthening opportunities
should  be  considered  as  a  viable  option,  improving  bridges  behaviour  with  low  economical  and
environmental impact. With this perspective, a selection of some of the most interesting
strengthening techniques for old truss railway bridges is presented. To address effective solutions,
the most frequent problems in old truss railway bridges are first presented. Literature analysis and
experts’ interviews were conducted and compared to results obtained from a representative bridge
cluster. Different solutions addressing highlighted problems are then collected and qualitatively
evaluated, in terms of efficacy on structural behaviour and typical construction requirements.
Finally, general remarks and recommendations based on collected evidence are presented.
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1 Introduction
Strengthening in bridge engineering refers to the
process of upgrading structures to improve their
performance under their current conditions or to
increase their  load carrying capacity  for  higher  or
more frequent loads. This has become an essential
practice among bridge network administrations:
consequences related to lack of upgrading and
repair have been highlighted by the number of

bridge collapses in the last years. In fact,
infrastructures throughout the world are aging [1-
2] and climate change can significantly affect
operating conditions for the structures, but it is not
possible to substitute all of them, economically nor
environmentally. For this reason, a circular
approach should be adopted [3], including
strengthening interventions.
The evaluation of a strengthening solution requires
several aspects to be considered, such as: the
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effectiveness of the strengthening intervention
itself, in the present and over the structure’s
lifetime;  cost;  construction  features,  in  terms  of
accessibility requirements on the structure and
knowhow availability; demand for traffic
interruption or maintenance ease. Preservation of
cultural heritage is another fundamental aspect.
These elements vary for different bridges based on
location as well as on characteristics of the single
structure. However, it is possible to make general
considerations to gather an overview on main
practices, facilitate and improve the choice
process.
For  this  reason,  this  work  proposes  a  review  of
some interesting strengthening techniques for old
steel truss railway bridges available on the market.
Observations are collected from literature, analysis
of a representative bridge cluster provided by the
Swedish Transport Administration and interviews
conducted with experts in the field. The work has
been done within the frame of a M.Sc. Thesis, done
for the Swedish Transport Administration and
Ramboll.
The paper organization is the following. In Section
2, main recurring limitations and points of
attention in strengthening old truss railway bridges
are analysed. Section 3 collects relevant techniques
to the resolution of the highlighted problems,
examining case studies. Concluding remarks and
general recommendations are given in Section 4.

2 Truss characteristics and problems
To collect relevant strengthening techniques, a
preliminary analysis on old truss railway bridges
main features and recurring problems is extremely
useful. Some characteristics can in fact impede the
adoption a certain solution, such as material
composition for welding, while other elements, like
connections, may require particular attention
independently of the problems detected.
The  data  collection  is  based  on  literature  review,
workshops [4-5], interviews with industry experts
and the target bridge cluster, fully exploited in [6].
The main issues observed are presented starting
from the material and then for the elements
constituting the truss railway bridge.

2.1 Steel material

Old steel characteristics significantly vary with
respect to actual code values and requirements.
Thereof,  they  require  a  careful  evaluation.  In
particular, chemical composition and production
process need to be taken into account in solution
design:  the  material  in  old  steel  bridges  is  often
classified as steel, but its meaning differs from the
current one. Referring to structures built before
the Bessemer process diffusion, it is relevant to
verify whether the structural metal is a special kind
of wrought iron, so called puddled iron, in
widespread use throughout the late 18th and 19th

centuries. In fact, this material features usually
make welding impossible and arise concerns for
brittleness and sensitivity to fatigue [6].
One example can be observed in samples extracted
from  the  Paderno  iron  arch  Bridge,  revealing  a
stratified structure and non-metallic inclusions [7-
8]. Another important element in material
assessment is the state of degradation. Its main
visible phenomena are delamination and
corrosion, Figure 1 and 2.

Figure 1. Delamination on a steel beam

Figure 2. Light corrosion on a riveted beam.
Source: Swedish Transport Administration

database

Delamination can significantly reduce cross
sections resisting areas and does not allow
adoption of strengthening systems relying on shear
forces transfer, such as bonded prestressed CFRP
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plates. In general, it generates uneven surfaces
that often limit the number of applicable
interventions before surface treatments.
A particular case is the interstitial corrosion [9-10],
Figure 3. It develops between riveted profiles and
develops deformations significant for local
stresses, thus leading to necessity of repair or to a
restraint in the strengthening procedures
applicable on the member.

Figure 3. Truss member deformed by interstitial
rust and graphical tied bar in deformed shape.

Source: [10]

It is worth underlining the necessity to conduct
several tests to have a reliable evaluation of the
mechanical properties of the material, but often
this is not possible without compromising the
integrity of the structure. For this reason,
experimental tests from similar structures as well
as information found in literature can provide
meaningful insights.

2.2 Structural elements

Truss bridges usually present different features in
terms of static scheme, spans, overall length,
geometry and so forth. However, they are
assembled by the same structural elements such as
main trusses, deck elements and connections. As a
matter of fact, these are the references for bridge
inspection manuals [11-12]. For this reason, the
encountered problems for the truss bridge type are
organized and presented according to the
mentioned scheme. Attention is focused on main
trusses, deck elements, connections, in association
with the strengthening interventions presented.
However, it is good to remember that bracings and
bearings may also require strengthening.
In fact, lateral bracings can often be insufficient for
lateral loads transfer, as in the Railway Bridge over
Sungai Kerayung, Malaysia [13], or for overall
stiffness requirements [14]. As for bearings, it is

common to spot the use of old steel roller bearing,
Figure 4. These devices are generally characterized
by  a  shorter  lifetime  with  respect  to  the  served
superstructure and their incorrect functioning can
impede thermal deformations. They also present
brittle characteristics and fatigue problems with
possible consequent cracks that can lead to sudden
failure [15]. Because of this feature, they are being
progressively substituted by elastomeric devices.

Figure 4. Misaligned and cracked roller bearings.
Source: [15]

2.2.1 Main trusses

Main trusses do generally not require
strengthening, since high original design loads and
long influence lines make them sufficient for
current use. However, some problems may be
related to the single elements forming the truss,
especially if affected by corrosion or delamination.
In fact, truss nets are often formed using battened
or laced profiles, as shown in Figure 5, where
corrosion of the connecting profiles between the
channels can be particularly insidious. Loose or
missing rivets also represent a common issue.

Figure 5. Laced and battened elements forming
the main trusses. Source: Swedish Transport

Administration database

Usual problems may be related to cross section
insufficient resistance, or to buckling, for elements
under compression. These cases require careful
checks as trusses has not good characteristics of
robustness, thus failure of a single component can
affect the overall structure [16].
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2.2.2 Deck elements

Decks in old truss railway bridges are usually open
decks, formed by cross beams, connected to the
nodes of the trusses, and supporting secondary
longitudinal girders, the stringers. Most of the
elements forming the deck are I-beams, joint
together by riveted connections. So, the same
problems described for the main truss elements
can be detected. Moreover, the additional problem
of fatigue must be considered, Figure 6.

Figure 6. Fatigue cracks in Storstrøm Bridge,
Denmark. Courtesy of Claus Pedersen, Ramboll

Because of short influence lines deck elements are
sensitive to the phenomena, not fully known during
their design, and the high stresses caused by an
increase in the train axle load as well as the
increased frequency in the train passages may
represent concern for operators. The importance
of a correct calibration of fatigue damage is related
to the low level of redundancy of the structures
and the brittleness of rupture. Connections are the
focus point in this sense, as described below.
However, in most cases even if predicted at a
theoretical  level,  there  is  no  evidence  of  actual
damage [6]. Many truss bridges were also designed
without considering the longitudinal deck girders
contributing to the stiffness and longitudinal
bending of the truss. They often contribute
however, giving extra forces to the connections
and the cross girders, which must introduce the
extra forces by weak axis bending.
Another element to consider in deck analysis is
related to train bumps generated by sharp stiffness
variations between deck and abutments. They can
lead to high degradation of deck elements and
consequent strengthening necessity. Even if small,
the dynamic amplification effect associated with
this phenomenon makes it relevant, and quite
common in practice [6].

Another observation on this kind of deck is related
to noise and vibrations. Being extremely light and
without any kind of dampers, the railings tend to
vibrate after the passage of a train and transfer
such vibration to the rest of the deck. The problem
is not strictly related to strengthening and can
generally be solved by means of non-structural
interventions. However, it is worth noticing that
some strengthening interventions on the deck can
also fix such behaviour [17], as shown below.

2.2.3 Connections

Connections  represent  a  crucial  element  for  old
truss steel bridges, more than other members.
They were often designed with simplified models,
incapable of considering actual stresses
distributions, and in several cases without fatigue
considerations. Moreover, they belong to
structures generally characterized by lack of
robustness and fragility of the material, that make
these details particularly sensitive. In fact,
connections are areas with high stresses
concentrations and the crack development start
can be difficult to detect because of the
superposition and riveting of different plates,
Figure 6. Thereof, if such cracks reach instable
growth, the rupture of the connection can
generate itself an instantaneous collapse of the
whole structure, as in the case of the I-35W Bridge
over Mississippi river, Figure 7.

Figure 7. I-35W Bridge over Mississippi river brittle
and catastrophic failure

For these reasons, careful observation is required
for fatigue assessment of the connections and in
the determination of their stress capacity when
strengthening for load increases on the structure.
Rivets are another essential element in
connections assessment and strengthening.
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The filling hole characteristic allows a good transfer
of stresses between fastener and plates and
guaranteed a good behaviour even during decades.
However, this makes substitution and upgrade
more difficult. Riveting is not an attractive solution
anymore, requiring specialized workers and being
extremely time consuming. Bolting generally
represents a more attractive solution. However,
the significant behaviour difference between the
two fasteners may make mixed connections not
allowed [12,18]. Alternatives may be represented
by pretensioned bolts, fitted bolts or resin injected
bolts, but the assessment of the actual force
transfer between connection and fastening devices
needs to be accurate. Not accounted shear breaks
and uncertainties in grip for uneven surfaces of the
profiles are important for pretensioned bolts, while
creep for resin injected bolts arises concerns in
many. Fitted bolts are also time-consuming, thus
leaving open the question on solution convenience.

3 Strengthening solutions
Accurate assessment of a bridge properties,
through design and construction drawings analysis,
inspections, and measurements on site, provides
an overview of problems and requirements and
highlights the extension of required strengthening
interventions for each structure. Case studies
analysis, interviews with experts and direct analysis
of the bridge cluster in exam suggest that often
problems are not localized but repeat themselves
on  different  elements  belonging  to  a  certain
structural component. An example is represented
by strengthening requirements in deck beams for
higher train loads and increased frequency, or by
gusset plates in the main trusses. In these cases, it
can be convenient to approach the problem on a
global scale rather than a local one.
Local strengthening approaches, like cover plating,
post-tensioning of beam elements via steel or
CFRP, are generally more performing in all the
other cases, they are more adopted and better
known, demonstrated by literature case studies
and workshops [1,5,19-20], as well as interviews.
For these reasons, the interventions presented
focus on the global approach with reference to
main trusses and deck. In fact, the adoption of
these solutions indirectly strengthens connections,

reducing their stresses and relevance or removing
them as in the case of deck substitution.

3.1 Main trusses strengthening

Among old truss steel railway bridges in Europe, it
is not so common to find deficiencies in the main
load-bearing elements in terms of overall load
carrying  capacity,  as  carried  out  from  both
literature review and maintenance managers
interviews.  However,  cases  with  such  a  problem
can be found, especially in USA, and interesting
global strengthening interventions have been
developed. These solutions allow alternative stress
paths in the global resisting mechanisms creating
redundancy in the structure and lowering the risk
cost of generalized collapses as the Mississippi one.

3.1.1 Doubling of the truss resisting net

An option to strengthen and create redundancy in
a truss railway bridge can be the doubling of main
resisting nets. One example is the Mississippi River
Bridge 182.0 near Dubuque, in Iowa, built in the
1890’s [21]. The bridge consisted in multiple pin-
connected Pratt through truss type spans with
sloping top chords. Due to the increased capacity
and traffic demand on its mainline, upgrading was
committed. Among the interventions on different
structural elements, particular care was required
by truss diagonals, comprised of slender eyebars
that could not withstand increased load. Thereof,
two built-up channels with stay plates in different
orientations with respect to the original eyebars
were added, with placements depending on the
gusset arrangement, Figure 8.

Figure 8. Additional diagonal channels in different
configurations with respect to eyebars. Source:

[21]

The additions raised necessity to create transition
elements to accommodate the path, so special
joints were designed in the middle of the diagonal
strengthening members and to connect the
channels to the existing panel point connections. In
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particular, added lower joints spidering gussets can
transfer loads from diagonal strengthening
members to verticals and bottom chord members
bypassing pins, Figure 9. In this way alternative
load paths are provided, pins are not overstressed,
and redundancy is created. Minimal interruption to
the traffic is also reported.

Figure 9. Pinned lower joint before and after the
strengthening intervention. Source: [21]

3.1.2 Addition of a load bearing element

When many of the elements comprised in the main
members are insufficient, an alternative for the
upgrade of the overall longitudinal behaviour is
represented by the addition of a load bearing
element. It can be obtained through longitudinal
girders, arches or even a new truss line, depending
on spans length and deck position.
The insertion of new longitudinal girders is possible
because of rolled sections better features with
respect to the past, in terms of length, material,
and resistance as well as for welding possibilities.
Their insertion can improve the bridge behaviour
creating better distribution of train loads, but they
can also co-act with the main trusses as an
additional lower chord when well connected. One
example is Camp Bridge in Roseburg, in Austria
[22]. In this case, increased braking and
acceleration actions, wind, and nosing force
required strengthening in most elements:
secondary longitudinal girders, cross girders,
secondary and lower wind bracings, and the lower
chords of the main trusses.

Figure 10. Bracing system and longitudinal girders
before and after the strengthening intervention.

Source: [22]

While the old lower wind bracing was replaced by
a new one, the central intervention was the
insertion of a multifunctional carriageway girder
designed to replace longitudinal girders, cross
girders, and secondary bracing and to act as a third
lower chord, Figure 10. Prestressing was also
enforced on trusses through the carriageway
girder: it was connected to the lower chords of the
main trusses by horizontal cross beams on both
ends and tensioned with hydraulic jacks. Overall,
the intervention required 6 weeks with partial
traffic interruption.
Another possibility is to use superimposed arches,
a solution often adopted in USA [6]. The main
advantages are related to live load capacity
increase, and creation of redundancy with multiple
load paths. Short construction times and minimal
traffic disturbance are also reported [23-25]. The
method consists of superposing steel arches and
connect them to existing trusses, giving them
stability. Then floor beams are connected to arches
above via suspension rods or existing truss verticals
that bypassing pins [25]. If a large increase in the
bridge load capacity is required, it is also possible
to post-tension the arch. The substructure might
require widening, to support the new system, and
has to be checked for instability. One example is
the Montana Bridge in St. Regis, Montana, USA
[23], Figure 11, where the application of this
strengthening solution avoided significant traffic
detours due to a substitution while maintaining
continuity of traffic during construction. In this
case, truss spans were supported by slender piers,
so post-tensioning rods were designed to resist the
arches outward thrust.

Figure 11. Montana Bridge before and after
strengthening. Courtesy of Prof. J. B. Kim

For deck trusses, it is also possible to build a third
central truss line, to create a new resisting element
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and relief the present ones. However, because of
the amount of steel involved and the limitation on
the insertion space, examples are found from the
1920s, such as the Bohemian Flats Bridge near
Minneapolis, Minnesota, Figure 12, or the
Merchants Bridge, Pennsylvania [26]. In the latter
example, after that first strengthening, the bridge
was again object of a through structural
modification with replacement of problematic
spans with new deck girders. To minimize traffic
disturbance, new supports were designed and
erected among the existing trusses, before
removing old trusses.

Figure 12. Bohemian Flats Bridge: third truss line
at midspan and at support

3.2 Deck strengthening

As previously reported, main problems and
strengthening requirements in old steel bridges are
localized in the deck. When the number of
elements affected is significant, local techniques
can still be used but it seems convenient to apply
solutions that better distribute train loads,
lowering stresses in the elements. The extension of
these requirements can lead to the adoption of the
different solutions. However, one aspect to always
consider is the eventual variation that a solution
can generate in railing profiles, structural heights,
or serviceability and inspection requirements, so to
respect all opportune constraints.

3.2.1 Deck stiffening with additional profiles

Deck stiffening allows redistribution of stresses
without interventions on single members as cover
plating on cross beams or connections. Often this
strategy translates in the addition of new systems
of diagonals and brackets below the deck [14], or in
diagonals connecting cross beams to main trusses
[27], depending on requirements and geometries.
There is also significant research on the topic,
aiming at optimizing use of different materials, yet

currently steelwork addition seems more popular
because of ease of inspection.
An interesting solution is represented by the
adoption of steel deck sections placed on top of the
stringers to improve their stresses distribution and
eliminate possible fatigue problems. They allow to
increase the moment of inertia of the transversal
sections with a relatively low dead load increase
using direct fastening to existing stringers. One
example is the Bridge over the river Waal,
Netherlands [28], where such solution allowed to
keep this historical bridge in service, Figure 13.

Figure 13. Bridge over the river Waal additional
steel deck section with directly fastened rail [28]

In the Netherlands it is possible to find several
other examples, where this solution is combined
with the use of embedded rails channels, as for the
Bridge over Dinkel or the Moerdijk Bridge. In these
cases, maintenance costs can increase, but there is
a significant reduction in noise and an even better
distribution of train loads for the embedded rail
continuous support [17], Figure 14. Good detailing
is required to provide opportune drainage for
water, dust, and dirt.

Figure 14. Moerdijk Bridge additional steel profiles
for embedded channels installation [17]

3.2.2 Deck substitution

Substituting the deck is one of the most extensive
solutions, but it is becoming an increasingly
common way to strengthen old truss railway
bridges. Its attractiveness is related not only to
improvements in structural behaviour, but also to
reductions in maintenance requirements in both
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times and costs. There are different options for the
new deck structure, such as a new open deck, an
orthotropic deck or a concrete one, among others.
An example of new open deck strengthening
intervention  is  the  Forsmo  Bridge  in  Sweden  [4],
Figure 15. The adoption of this kind of solution
allows knowledge on the behaviour of the top
superstructure maintaining ease of maintenance
on the lower structure [6], with no increase of dead
load or drainage systems design requirements.

Figure 15. Forsmo Bridge: new open deck
segments installation. Courtesy of Tore Lundmark,

Ramboll

In particular, for the Forsmo Bridge it led to
increase in maximum allowed axle load, removal of
material and fatigue problems, and extension of its
estimated remaining lifetime to 100 years. The
strengthening was carried out within 20 traffic
stops of 9 hours each.
Orthotropic decks represent another alternative,
widely adopted with or without ballast across
Europe and USA. They can be adapted to different
typologies of railway bridges as they can be
opportunely detailed to be adopted despite
different geometric lengths.
In  the  case  of  the  old  Årsta  Bridge  [29],  it  was
required to increase the load carrying capacity
from 25 to 30 tons axle load, and to solve fatigue
and low ductility problems of rail girders and cross
girders. Moreover, the bridge is a listed
construction so the appearance could not be
modified. The trusses had low utilization factors, so
the orthotropic steel ballastless deck was
considered the best solution, also able to carry
horizontal forces. The deck substitution also
allowed to avoid strengthening all the existing
connections between arch and columns, rigid and
transferring secondary bending moments not
accounted for in the original design. It is also worth
highlighting that the adoption of a very precise and
calibrated solution allowed substantial reduction
of installation times, with consequent benefits on

the high costs for closure of such a central
infrastructure, Figure 16.

Figure 16. Old Årsta Bridge: Deck substitution
phases for the long span [29]

Another option is to use materials different from
steel to build the deck. Nowadays a lot of testing is
being  done  on  FRP,  but  for  railway  loads  a  more
traditional alternative could be represented by
concrete, mainly for deck trusses. The substitution
of an open steel deck with a concrete one
determines a significant increase in terms of dead
load. However, if the deck is connected to the main
trusses using proper shear connectors, composite
action can develop, making the deck a compression
chord and increasing global stiffness and load
bearing capacity. Reasoning for this kind of
applications can be found in the analyses
conducted for the strengthening of the Hütteldorf
Bridge,  Vienna,  Austria  [30],  as  well  as  design  in
road truss bridges. However, the variation in the
profile height is still generally too relevant.

4 Conclusions
In this paper, different possible strengthening
solutions for old steel truss railway bridges have
been proposed. Their choice is generally motivated
by different aspects, such as structural efficacy,
construction times, required traffic interruptions
and maintenance ease.
First, the analysis of material and structural
features has outlined that strengthening
requirements: (1) are related to brittleness and
low-redundancy characteristics of truss steel
bridges; (2) are mainly associated to problems
localized in deck elements, namely stringers, cross
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beams, and connections. Literature review,
interviews and direct examination of a target
bridge cluster also suggest that often problems are
not present on a single element only but interest a
whole class of structural components. For this
reason, it is opportune to assess whether a global
strengthening solution can be more effective that a
set of local interventions.
Being the latter better known and more extensively
adopted, an examination of global strengthening
strategies is conducted and presented through real
case studies. The overview highlights that: (1) load
bearing capacity for main trusses is generally not a
problem, however a global intervention can reduce
fatigue sensitivity in main trusses connections and
increase the overall structural robustness and
safety; (2) extensive interventions on the deck can
not only solve the phenomena localized in single
problematic elements, but improve the overall
behaviour  of  the  structure,  in  terms  of
deformations, sensitivity to brittle failures,
vibrations and maintenance.
We  believe  that  there  are  many  more  smart,
innovative solutions that have been used, but they
are not always reported in the literature, since
bridge designers and bridge owners are normally
not so interested in producing papers for
conferences and journals. Thereof, strengthening
may not always be the best solution for deficient
old truss railway bridges. However, an updated
knowledge of available techniques and a creative
approach can expand the upgrade possibilities for
existing bridges, increase their lifetime and safety
with low economical and environmental impact,
while preserving our historical heritage.
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