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Abstract. The use of CFRP (carbon fibre reinforced polymer) strips in steel strengthening
works has gone through a big development during the past 15 years. However, only in a few
studies the effect of prestressing on the behaviour of steel beams strengthened with the CFRP
strips has been examined. The paper briefly describes the research on the new CFRP strips
prestressing system with special steel anchorages and its first on-site application for a steel
bridge strengthening. The bridge proof tests before and after strengthening have been carried
out. The results of testing proved the strengthening efficiency, however the final effect was
moderate. As a result of strengthening the following effects has been gained: max. 18.3 %
reduction of mid-span deflection and max. 13.9 % reduction of stresses in steel beams. The
CFRP strengthening slightly improved the overall dynamic performance of the bridge span as
well. The tests results showed moderate strengthening effects, mainly due to beams
geometrical constraints not allowing to apply more than one 60 x 14 mm strip per beam.
Regardless the moderate efficiency of strengthening, the research results clearly revealed that
the new strengthening technology could be efficiently applied for steel bridges.

1. Introduction
The CFRP materials, as viable alternative to structural strengthening, offer several advantages such as
high strength to weight ratio, light weight, ease of transport and installation, excellent fatigue
characteristics and non-corrosiveness (durability). A few different approaches have been investigated
to assess the effectiveness of the CFRP materials for strengthening of steel structures. Since the
beginning of the new millennium, more than one hundred research papers on strengthening of steel
structures with the CFRP materials have been published in scientific journals and conference
proceedings. The most important research findings were reviewed and summarized in the following
state-of-the-art reports [1-4]. These reviews showed that the load-carrying capacity of the CFRP-
strengthened beam can be increased regarding stiffness and strength. In the case of the degraded
beams, it was found out that the load-carrying capacity could be partly or fully restored by the
strengthening system. Field applications have also been carried out on bridge girders, see [5-7] for
example, which resulted in the stresses in the original beams being reduced. On the basis of these
studies, it was concluded that using bonded CFRP plates as a strengthening system can be effective.
By prestressing the CFRP plate, which combines benefits of passive bonded plate with the
advantages due to external prestressing, the ultra-high tensile strength of carbon fibres can be utilized
and much higher effectiveness of the strengthening technique is achieved. A greater CFRP’s tensile
capacity is employed and it contributes to the load carrying capacity of the strengthened steel structure
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under both service and ultimate conditions. However, only in a few studies the effect of prestressing
on the behaviour of steel beams strengthened with the CFRP plates has been examined [8-13]. The
anchor zones in plate end locations has been the main problem of steel beam strengthening with the
CFRP prestressed plates. Without mechanical anchorages, the peeling failures at the plate ends were
observed. Premature debonding of the CFRP plates is one of the most common failure modes, and it
could occur before the stress in the CFRP material reaches its tensile strength. Nevertheless, more
detailed investigations are needed to obtain a good understanding of the way the forces acting inside
the strengthening system and the way different parameters of the CFRP plate affect the behaviour of
the strengthened beam.

The main goal of the R&D study was to compare the flexural behaviour of steel beams
strengthened with the CFRP plates. This research evaluated two strengthening schemes, namely: (1)
adhesive bonded passive plates and (2) adhesive-bonded active or prestressed plates, with different
strengthening configurations and CFRP materials. The previous author’s paper presents the results of
an experimental investigation carried out on the behaviour of steel beams before and after
strengthening using different CFRP systems [14]. In the scope of the R&D study the actual bride proof
tests before and after strengthening was also carried out. The results of bridge testing proved the
strengthening efficiency, however the final effect was moderate. Nevertheless the presented case study
revealed the effectives of the new prestressing system, which seems to be reliable for steel bridge
applications. The strengthening technology, its first application on a steel bridge and discussion of
bridge proof testing results have been the main subject of the paper.

2. Novel CFRP Prestressing Technique

The new system called Neoxe consists of two main elements: special steel anchorages mounted on
both ends of a single CFRP strip and a relevant tensioning device. There are two kinds of anchorages:
an active anchorage combined with a tensioning device and a passive one. The strip with a specific
length is delivered on site as ready-to-install, i.e., with two prefabricated steel anchorages mounted on
both strip ends. The anchorage is made of two thin steel plates welded together along the edges to
create a pocket, in which the CFRP strip end is fixed and bonded with a special epoxy-based adhesive.
It is followed by gripping both materials (steel plates and CFRP strip in-between) with small
mechanical fasteners: rivets or high-strength bolts (Fig. 1).

Figure 1. Steel anchorages Figure 2. Tensioning device

However, it is often said, that galvanic corrosion may be occurred in a CFRP/steel system because
of direct contact between steel and CFRP surfaces accompanied with an electrolyte like salted water. It
was showed using a nonconductive fabric between two materials, an isolating epoxy layer on the steel
surface, and a moisture buffer decreased significantly the rate of corrosion. Meanwhile, epoxy
adhesive usually play the role of insulator [15].

The tensioning device is the second key element of the strengthening system. The tensioning
device consists of three separately installed components: guide rails, carriage (bolted to the active
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anchorage) and hydraulic jack with resisting block (Fig. 2). The hydraulic jack is driven by a manual
pump, and it can generate a subsequent tensioning force to stretch the CFRP strip. Owing to division
of the device structure into three small and lightweight parts (the heaviest element weighs 37 kg), its
manual application on-site is very fast and easy without using the heavy equipment.

The high-strength UHS 614 strips with a cross-section of 60 X 1.4 mm, with the ultimate tensile
strength of 3200 MPa, a modulus of elasticity of 160 GPa and the strain at failure of approximately
2% are typically used in the NPS-II for strengthening. To complement the system, an epoxy-based
adhesive is used for the final bonding of the strip between anchorages to the concrete substrate. The
development and experimental investigation of a novel anchor and tensioning system for the flexural
strengthening of steel as well as RC elements with prestressed CFRP strips has been presented in [16].

3. Bridge description

The bridge is situated along the local road over the small river. This is a simply-supported structure
with the span length of 11.92 m and the total width of the deck of 7.41 m (Fig.3). The superstructure
consists of five INP 500 rolled I-beams spaced at 1.40 m and laterally braced with C300 rolled channel
sections spaced at 3.75 m along the bridge. This steel grid is covered with the temporary timber deck
with no sidewalks, which state of repair was quite bad. The bridge span is supported by two concrete
abutments founded directly on the ground. Because of deteriorated timber deck the carrying capacity
of the bridge was posted to 15 metric tonnes and thus the bridge became the cumbersome bottleneck
on the local road.

Figure 3. The steel bridge before strengthening.

These bridge constraints and the growing traffic on the local road caused the local road
administration had made a decision to strengthen the bridge along with timber deck replacement into
the new RC deck slab having wider roadway and sidewalks. The main goals of the modernization
were as follows: to replace the timber deck into a durable RC slab, to increase the bridge carrying
capacity up to 40 tonnes, to widen the roadway up to 6.0 m and to create at least one sidewalk. As the
steel grid structure and the concrete abutments were in good condition it was decided to re-use them in
the bridge modernization.

4. Bridge strengthening and modernization
Due to financial constraints the local administration divided the modernization works into two phases.
In the first phase the steel grid was strengthened to carry the new RC slab deck and the increased
traffic load, ultimately for 40 tonnes vehicles. The deck replacement & widening along with the
approach road reconstruction were planned to be done in the second phase, one year later. However,
the first phase’ works enabled to increase the bridge carrying capacity up to 30 tonnes immediately
after steel strengthening execution, complemented with the partial replacement of the most
deteriorated timber elements.

The INP 500 rolled I-beams were strengthened with the Neoxe system by means of the prestressed
UHS 614 neoxeplate CFRP strips with the average material parameters as stated above (p.2). On each
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beam one strip was installed, glued and anchored after prestressing. The prestressing force determined
in the detailed calculation taking into account two-phase strengthening was in the range of 137+147
kN (depending on beam location), which capitalized the ultimate strength of CFRP in the range of
50+55% respectively. The main stages of the strengthening procedure on-site were as follows: steel
and CFRP surface preparation, adhesive application, mounting the passive anchorage on steel beam
(Fig.4), mounting the tensioning device on the opposite end of the beam (Fig.5), trial strip
prestressing, mounting the active anchorage on steel beam, final strip prestressing, strip bonding to
steel substrate along with removing the adhesive excess. The steel anchorages were mounted on the
steel beams by means of the 10.9 class HSFG bolts. No traffic limitation was required during the
strengthening works.

Figure 4. Passive anchorage mounted Figure 5. Mounting the tensioning
on the steel beam device

In the second phase of bridge modernization one additional steel beam will be added to facilitate
the bridge deck widening and the new RC deck slab will be executed replacing the timber deck.
Before the new concrete slab is cast, the shear studs will be mounted on beams’ top flanges to ensure
the full composite action of the new steel/concrete beams after rehabilitation. The achievement of the
composite action is as much efficient for bridge strengthening as the CFRP prestressing, implemented
in the first phase.

5. Evaluation of the strengthening efficiency

5.1. Tests description

To assess the efficiency of the bridge strengthening, two proof tests were carried out during the first
phase of the modernization works: before and after steel strengthening. In both tests exact the same
load was placed on the bridge to compare the relevant strains and displacements and to evaluate the
superstructure behaviour. Two trucks with the mass of 32 metric tonnes each were used for static tests
whereas one of them was further applied for dynamic tests as well. The total proof load was limited
due to timber deck capacity and its bad state-of-repair. Therefore only 40 — 45 % of the ultimate
strength of steel beams was capitalized during static tests.

In both tests the vertical displacements in the mid-span of all beams were measured by means of
the linear variable displacement transducers (LVDTs) with 100 mm base (points D1 — D5). Moreover,
the 10 mm foil strain gauges were applied for strain measurement both in steel beams as well as in the
CFRP strips. The steel strains were detected in the top and bottom flanges of each beam in the mid-
span (points S1-S5) (Fig.6). The CFRP strains were measured in 8 points along the central beam’s
strip (C3/1-C3/7) (Fig.7). All gauges were connected via the set of QuantumX MX840A amplifier
modules to the computer with Catman Easy data acquisition software. The signal of the selected
LVDTs and strain gauges was also applied to determine the dynamic characteristics of the bridge span
before and after strengthening.
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Figure 7. CFRP strain measurement points.

5.2. Static tests results

In Tables 1, 2 and 3 the both tests results (i.e. before and after strengthening) are collected to be
directly compared in order to assess the strengthening efficiency. The strengthening efficiency in this
particular case is defined as the percentage of the reduction of the mid-span deflection as well as the
decrease of steel strains (stresses) in steel beams. To give an idea of beam’s carrying capacity
capitalization the experimentally obtained strain values are converted into stresses with the assumption
of modulus of elasticity of 205 GPa for steel and of 160 GPa for CFRP respectively. The stresses in
CFREP strips enabled to assess the utilisation of composite material under bridge full loading, having in
mind the initial stresses induced by prestressing.

Table 1. Beam’s mid-span deflection before and after strengthening.

Beam  Measurement Deflection Deflection Reduction
point before (mm) after (mm) (%)
1 D-1 18.05 16.64 7.8
2 D-2 23.69 21.92 75
3 D-3 30.60 24.99 18.3
4 D-4 23.40 20.90 10.7
5 D-5 18.37 16.79 8.6
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The stress reduction in steel beams due to strengthening was moderate: from 6.2 to 13.9 % in the
bottom flanges and from 1.1 to 8.9 % in the top flanges depending on the beam location (Table 2). The
reduction in the most loaded central beam was almost equal for the both flanges, but in the adjacent,
outer beams higher reduction in the bottom flanges was obtained. However, there is a scatter of
strengthening effects despite the symmetry of the span structure as well as loading. It is mainly due to
uneven contribution of timber deck in load carrying capacity of the steel beams, influencing the lateral
load distribution. The small differences in the prestressing forces in particular beams could also
influence the stress distribution after strengthening.

Table 2. Stresses in steel beams before and after strengthening.

Beam  Measurement Stress Stress Reduction

point before (MPa) after (MPa) (%)
1 S1T -69.7 -65.8 3.0
1 S1B 56.0 52.5 6.2
2 S2T -92.7 -91.6 1.1
2 S2B 88.6 83.4 7.9
3 S3T/1 -107.4 -98.4 8.4
3 S3B/1 104.9 96.6 7.6
3 S3T/2 -110.1 -100.2 8.9
3 S3B/2 102.9 93.7 9.0
4 SAT -83.2 -77.9 6.4
4 S4B 91.2 78.5 13.9
5 S5T -69.3 -66.0 4.7
5 S5B 67.9 63.1 6.9

The analysis of the composite strains clearly shows, that the CFRP strips contributed successfully
in beam’s load carrying capacity (Table 3). However, the composite strains induced by bridge loading
constituted only maximum 5.17 % of the total strains of CFRP strips. The strains due to the initial
prestressing (10.19 %o) are always decisive for the capitalization of the ultimate strength of the CFRP
strips. It was about 50% in this strengthening case. The strain distribution along the CFRP strip
mounted on the most loaded central beam was decreasing from the mid-section towards strip ends.
The strains induced in or close to steel anchorages were negligible what proved the reliability of the
strengthening system in terms of fatigue. All test results confirmed the appropriate behaviour of the
CFRP strengthened superstructure under loading.

Table 3. Composite strains and stresses along the CFRP strip in beam 3.

Measurement Strains Strains Total stresses  Material use
point before (%o) after (%o) (MPa) (%)
C3/1 0.369 1659.04 50.58
C3/2 0.472 1675.52 51.08
C3/3 0.532 1685.12 51.38

C3/4/1 10,19 0.552 1688.32 51.47
C3/4/2 0.555 1688.80 51.49
C3/5 0.514 1682.24 51.29
C3/6 0.389 1662.24 50.68
C3/7 0.278 1644.48 50.14
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5.3. Dynamic tests results

The dynamic test of the bridge span before and after strengthening was carried out by means of one
truck with the mass of 32 metric tonnes passing the bridge with two different velocities: 30 and 50
km/h. The dynamic response of the span was detected with LVDTs in the mid-span location for beams
3 and 4. Generally it can be said, that the CFRP strengthening slightly improved the overall dynamic
performance of the bridge span. The first eigen frequencies increased in the range of 5.3 to 12.5 %
after strengthening and simultaneously the dynamic factors were reduced by 15% in average. The
strengthening enhanced also damping characteristics of the span increasing the logarithmic decrement
by more than 20% in average. The measured dynamic characteristics had a slight scatter and did not
clearly depend on the vehicle velocity and beam location.

5.4. Analysis of results

The main goals of a bridge strengthening are always at least to decrease deflections and/or to relieve a
structure, which means to reduce the stresses in subsequent bridge elements, mostly main beams or
girders. Taking into account these goals it can be said, that the bridge strengthening with CFRP
prestressing let to achieve only moderate effects. The quantitative estimation of these effects are as
follows: max. 18.3 % reduction of mid-span deflection and max. 13.9 % reduction of stresses in steel
beams. Moreover, the CFRP strips were almost not affected by the proof load, because the only
maximum 5.2% increase of composite strains was detected.

There are several reasons the strengthening efficiency is so moderate. First of all the proof load was
considerably limited due to deteriorated and only partially repaired timber deck. Under the applied
loading only about 40% of the load carrying capacity of the bridge was capitalized in terms of steel
strength. The larger steel capitalization under service load, the higher strengthening efficiency. The
efficiency limitation was caused by the fact that only one CFRP strip per beam might be applied due to
its geometrical constraints. On the other side the higher prestressing force might jeopardize the local
stability of the beam’s top flange, not supported by a compositely acting deck slab. In more likely
cases when beams are connected to the RC deck slab the presstressing could reach the allowable level,
i.e. about 70% of the ultimate strength of the CFRP strip. In our case however the strengthening CFRP
strips take part of the self-weight of the future RC slab, thus increasing the utilization (and efficiency)
of composite material.

6. Conclusions

The first phase of the steel bridge modernization including strengthening, redecking and widening has
been presented in the paper. In this phase the strengthening of steel beams with the prestressed CFRP
strips was the main intervention. Two bridge proof tests: before and after strengthening, enabled to
check and prove the strengthening efficiency. The strengthening was applied to typical rolled steel
beams covered with the timber deck not structurally connected with beams. The comparison of two
tests results showed moderate strengthening effects, mainly due to beam’s geometrical constraints not
allowing to apply more than one strip per beam. The limited proof load used in proof tests also
affected the final results and thus the obtained efficiency. However, the CFRP strips contributed
successfully in load carrying capacity of the bridge. The moderate quantitative results of the
strengthening will be considerably enhanced in the second phase of bridge modernization.

Regardless the moderate efficiency of strengthening, the research clearly revealed that the new
strengthening technology using the prestressed CFRP strips could be efficiently applied for steel beam
bridges and enabled to strengthen them up to the required carrying capacity. The strengthening level
depends on particular geometrical and technological constraints of the existing bridge and works to be
undertaken for its modernization. The strengthening system can be quite quickly implemented on-site
without traffic limitations and significant structural intervention. Moreover, due to long-lasting
material used for strengthening the final effect seems to be much more durable than in case when
another methods of steel bridge strengthening would be applied.
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