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ABSTRACT: Bridge strengthening is characterized as a very important technical, economic and social
problem in contemporary bridge engineering. One of the newest methods of structural strengthening with
the use of CFRP products (strips, sheets, L-shaped elements) is briefly presented and exemplified by the
Polish experiences concerning the strengthening of existing bridge structures. Several very early as well as
more recent applications of CFRP bridge strengthening are presented. The authors have been personally
involved in the design and practical applications of the strengthening method in case of most of these
bridges. The Polish system of structural strengthening with prestressing CFRP strips is presented in
particular along with the pioneer gradient method applied on site for the first time in Poland. Some
conclusions based on the Polish practice are formulated. These seem to have also general character and,
therefore, to be interesting for international audience.
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INTRODUCTION

The deterioration of the existing bridges is at present one of the most important problems in
contemporary bridge engineering. It is of technical, economic and social nature and concerns
bridge infrastructure in many countries, including the highly developed ones and Poland. Many
bridges are structurally deficient and functionally obsolete and, therefore, they require to be
repaired or modernized. Bridge modernization can be classified into two fundamental groups –
structural and functional, Radomski (2002). The first one concerns mainly the insufficient load
carrying capacity of the structure, while the latter – limited service parameters (e.g., too narrow
bridge deck). Structural strengthening of existing bridges is a crucial problem in Poland, where
about 20 per cent of bridges require to be strengthened. In general, bridge strengthening can be
applied mainly in two situations – firstly, when the load carrying capacity of the structure requires
to be restored to the original level assumed at the design stage, and, secondly, when the load
carrying capacity of the structure requires to be upgraded due to the increase of the service loads.
However, in any case the strengthening methods are the same. One of the newest methods is
strengthening with the use of CFRP composites.
The use of CFRP in bridge strengthening in Poland has developed significantly for the last 20
years. Since 1997 plenty of bridge strengthening projects have been prepared and executed.
Parallel to field applications many research projects have been carried out since the late 90-ies.
Their results have been gradually increasing the efficiency of CFRP strengthening methods and
making them more familiar and easier to design and use on site. The authors have been deeply
involved in this development ever since, both in the university research and in the field
applications. The most interesting examples have been presented in the paper.
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THE FIRST POLISH APPLICATIONS OF CFRP FOR BRIDGE STRENGTHENING

An idea to use CFRP composites for bridge strengthening is at present well known and relatively
widely applied. Its first world application was recorded in 1991 in Switzerland (strengthening of
the Ibach bridge, near Lucerne), while the first Polish bridge application of the method took place
in 1997 and concerned the bridge over the Wiar river in Przemyśl, the south-east part of Poland,
Siwowski et al (1998). This bridge has three spans with the lengths of 10.8 + 31.0 + 10.8 m and
four RC girders with the cross-section of 1.80 m / 2.80 m in height (middle/support) and 0.5 m in
width (Figure 1). Due to increasing the heavy traffic towards the border post situated next to the
bridge, the bridge strengthening was required. Initially steel bonding was considered, but as the
large number of steel plates was needed, CFRP strips were taken into consideration. Since the
deficiency in carrying capacity was comparatively small (about 25 per cent) and additional
reinforcement had to be placed only in the middle of the longest span, it was decided to utilize
the new technology. The CFRP strips were arranged and glued to the bridge's main girders in one
and two layers and with the different lengths according to the bending moments envelope (Figure
1). The first application of the new strengthening method was preceded by the development of
the original design procedure because the method itself was beyond the Polish standards and
recommendations and its use required approval of the relevant road administration, which was
not an easy process like any time when a new method is implemented.

Figure 1. Bridge over Wiar river in Przemyśl – the first Polish application of CFRP strips for bridge
strengthening, 1997.

The CFRP strips are normally used for the structural bridge strengthening for bending. It should
be pointed out that Poland is a world forerunner in the application of the CFRP sheets (mats,
fabrics) for shear strengthening of bridge structures (so called wrapping technology). The first
world application of the CFRP sheets took place in 1998 on the bridge over the Bystry Canal in
Augustów (Figure 2).
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Figure 2. Bridge over Bystry Canel in Augustów – the first world application of shear strengthening with
CFRP sheets , 1998.
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The 50-year-old RC bridge has one span and two cantilevers with the theoretical lengths of 4.3 +
12.1 + 4.3 m and five girders with the cross-section of 0.92 /1.32 m in height (middle/support)
and 0.36 m in width. The bridge, located along the important route from Poland to Lithuania,
required to be strengthened at short notice due to the really intensive traffic. The strengthening
for bending was made with CFRP strips while the strengthening for shear with CFRP sheets. The
proof test showed that the aforementioned strengthening combination is structurally efficient,
moreover, the application of both methods is less time-consuming.
Among the first Polish applications there is also the use of CFRP strips for strengthening the posttensioned concrete bridge over the Warta river in Śrem (Figure 3). In this case, the arrangement
of the strips did not correspond with the bending moments envelope as it was in Przemyśl - they
were located along all the lengths of the post-tensioned concrete precast girders (i.e. from one
support to another) because of heavy corrosion of some prestressing cables. In the situation when
a single cable is cracked due to its corrosion, the relevant internal forces are transferred to the
CFRP strips. Therefore, the main idea of using CFRP strips resulted from the bridge safety
condition.

Figure 3. Bridge over Warta river in Śrem – strengthening of the approach structure, 1998.
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STATE OF PRACTICE – SOME EXAMPLES

Today, upgrading bridges with CFRP strips and sheets is a widely accepted repair and
strengthening method in Poland. A large number of bridges all over the country have been
strengthened with this technique. Many domestic researchers have performed tests and derived
theories in this field. The most typical interesting examples of CFRP strengthening are presented
below.

Figure 4. The combined structural strengthening for bending and shear: bridge in Czarlin, 1998 (a); bridge
in Libusza, 1998 (b)
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The combination of CFRP strips and sheets has been applied for many bridges in Poland. One of
them is the overpass in Czarlin near Tczew, shown in Figure 4a. Another example is complex
strengthening applied on the RC bridge, built in 1964 in Libusza over the Ropa river. The
continuous three-span bridge with the span lengths of 23.1 + 30.1 + 23.1 m and two 1.8 m girders
in depth has been strengthened with CFRP strips in positive moment regions and shear
strengthening along the girders with CFRP sheets has also been executed (Figure 4b).
Another interesting example of CFRP strengthening technique is upgrading the pillars of RC
viaduct in Rzeszow. The main reason for upgrading was the corrosion of the reinforcement in
several columns due to leaky expansion joints. The lack of main longitudinal rebars cross-section
exceeded 30 per cent and the stirrups were completely broken. The strengthening comprised
shootcreating for supplementing concrete section, bonding CFRP strips along the main rebars and
bonding CFRP sheets round the columns to complete the lack of stirrups (Figure 5).

Figure 5. Viaduct in Rzeszow – strengthening of RC columns, 1999.

In 2007 the first Polish application of CFRP strengthening of a steel bridge took place – the bridge
across the Vistula river in Chełmno. The five-span riveted steel truss with the lengths of
continuous spans of 84.0 + 3 x 96.0 +84.0 m and an upper deck was been strengthened with CFRP
strips (Figure 6).

Figure 6. Bridge over Vistula river near Chełmno – strengthening of upper and lower chords of steel riveted
truss, 2007.

The steel truss was to be strengthened with a conventional method: increasing the cross-section
of corroded members with steel plates and HSFG bolts replacing old rivets. It required the
insertion of tens of thousands of bolts preceded by the removal of the same number of rivets.
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Rivets removal could cause an internal forces distribution and a potential truss members
deformation. The method was very expensive and complicated to implement on site.
Alternatively, a structural reinforcement that did not involve the rivets removal was proposed the flexible CFRP strips, narrow enough to be glued between rivet heads on the upper and lower
chords of the main truss girders. The tension zones of both chords were strengthened with four
(upper chord) or two (lower chord) strips of HM 614 type and the length between 15–20 m,
Łagoda et al (2009).
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THE POLISH PRESTRESSING SYSTEMS FOR CFRP STRIPS

For the recent 20 years several various prestressing systems for post tensioning with CFRP strips
have been developed. The first one was invented by Leonhardt, Andrä & Partners and after about
10 years of applying it on site it was improved - its second generation is named Sika LEOBA
CarboDur II. The second system available on the market is Sika StressHead, invented in the Swiss
EMPA institute. In the early 2000s, the Swiss company S&P Clever Reinforcement Company AG
introduced a new system for CFRP strips prestressing. In the USA the main development of CFRP
prestressing systems was carried out at the University of Missouri-Rolla. All of the systems have
anchorages. Recently a new system without anchorages has been introduced with gradually
decreased prestressing along a strip towards the ends. In this method the stiffness of the adhesive
is modified by applying the heat to the adhesive.
The Polish experience in the development of CFRP prestressing method regards two systems. The
Polish modification of Sika LEOBA CarboDur II system has been introduced by IBDiM institute,
Warsaw, Łagoda (2005). The strengthening system is proposed as universal, fitting the
strengthened structures of different materials and various shapes. Various possibilities of
introducing prestressing force have also been taken into consideration. This system offers greater
freedom in the realization of prestressing. CFRP strips stressing may be executed by any device
producing the force (stretching machine, press, hydraulic cylinders). The system provides the
possibility of multiple use of tensioning jaw elements. Depending on the applied equipment, the
anchorage jaws at the active end may be pushed or pulled. In anchorage zones cavities in concrete
are needed for resisting blocks location. The steel anchorage bottom plate is glued to the concrete
surface and additionally bolted with M12 chemical anchors.
The second Polish prestressing system developed by Neoxe Company consists of two main
elements: special steel anchorages mounted on both ends of a single CFRP strip and a relevant
stretching device (Figure 7). Each anchorage is made up of two steel plates, 2 mm thick, welded
together along the edges to create a pocket. The end of the strip is placed and fixed in a steel
pocket and bonded with special epoxy-based adhesive. It is followed by gripping steel plates and
CFRP strip in-between with small rivets. The active anchorage has two sets of holes: the first set
is used to fix a reaction block and transfer the tension force from the stretching device and the
second set is used to fix the strip to the strengthened structure (Figure 7). The strips with
determined length are delivered on site as ready-to-install, i.e. with two steel anchorages mounted
on both ends. Before strip tensioning the passive anchorage is bolted to a beam. During tentative
CFRP strip fixing (without glue) the active anchorage is inserted in-between two leading rails
which have been earlier fixed to the flange to mount the stretching device. The leading rails allow
the movement of the anchorage towards the force action and simultaneously hold it down to the
structure base. The rails on one end are bolted together with a beam constituting the stationary
reaction block for the stretching device, whereas the second reaction block is bolted to an active
anchorage. The tongs-shaped stretching device is opened out by a hydraulic jack. The ends of the
tongs are inserted into the reaction blocks of the active anchorage and afterwards opened,
tensioning effectively a CFRP strip, Siwowski et al (2010).
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Figure 7. The steel anchorage (left) and the main parts of the Neoxe prestressing system: steel anchorages,
leading rails, reaction blocks and tongs-shaped stretching device (without hydraulic jack)
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STRENGTHENING WITH PRESTRESSING – SOME EXAMPLES

The first on-site Polish bridge application of the prestressing system was carried out on a small
single span concrete slab bridge, built in 1948. The length of the span is 5.5 m, the total width is
8.2 m and the concrete slab thickness is 0.55 m. As the actual carrying capacity of the bridge was
far below the road administration requirements (15 tonnes against required 40 tonnes), it was
decided to strengthen the bridge. Twelve strips of 614 HM type transversely spaced with the
distance of 0.80 m were used for strengthening. The strips with the length of 4,720 mm were
prepared and equipped with steel anchorages before delivery on site. The M16x215 type anchors
were used for bolting each anchorage to the bottom surface of the concrete slab (Figure 8). Before
strip stressing the adhesive was applied on the CFRP strips and the concrete surface. The strips
were tensioned with a hydraulic jack up to 75 kN, required for prestressing. The prestressed strips
assembly was followed by bonding three passive CFRP strips, which were used as complementary
transverse reinforcement of the slab. After the CFRP strips installation the entire bottom surface
was covered with some concrete surface protection material, Siwowski et al (2013).

Figure 8. The steel anchorages bolted to bottom surface (left) and the complete stretching device (right)
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The same prestressing system was applied on a single span composite steel-concrete bridge with
the length of 15.3 m (Figure 9). The span consists of five I NP 550 rolled steel beams and 200270-mm-thick concrete slab. The general state-of-repair of steel beams and concrete was very
good without any considerable cracks or corrosion losses. The road administrator’s expectation
was to strengthen the bridge up to 40 tonnes, while the existing carrying capacity of the bridge
was only 15 tonnes. Therefore prestressed CFRP strips were proposed as a strengthening mean,
mainly due to their high strengthening effectiveness, quick installation without long traffic
interruption and no temporary on-site works required. Each I steel girder was strengthened with
one CFRP strip of 614 HM type. The anchorages were bolted to the steel bottom flanges with six
M20 HSFG bolts, Siwowski at al (2014).

Figure 9. The steel bridge and active anchorage after installation on the girder’ bottom flange

Recently, for the first time in Poland, the pioneer strengthening of post-tensioned concrete bridge
has been implemented with prestressed CFRP strips anchored with a gradient method, Kotynia et
al (2013). The road bridge, built in 1965, required reconstruction and strengthening. The existing
structure of the bridge consisted of five post‐tensioned precast concrete I‐girders, 18.4 m in length,
supporting a 160-mm reinforced concrete deck. Bridge reconstruction required widening the
structure with two new post-tensioned girders and strengthening existing girders in flexure and
shear. Ten CFRP prestressed strips and 90 sheet wrappings were applied on the girders. The
gradient anchorage system, developed at EMPA, Switzerland, was used for prestressing. This
method, based on the epoxy resin ability to cure rapidly under high temperatures, provides for a
sector-wise heating followed by a gradual decrease of the initial prestress force towards the strip
ends. The complete application of one strip using the gradient method required less than 4 hours,
up to three strips were applied daily. Due to the use of the gradient anchorage system, all
mechanical anchoring devices can be removed immediately and re‐used at the next strengthened
member. No loss of initial prestressing force in the CFRP laminates was observed during the
strengthening process. The successful application of bridge strengthening with this system was
demonstrated for the first time in the field (Figure 10).

Figure 10. The post-tensioned concrete bridge and strip installation on the PC girder bottom
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SUMMARY

The use of CFRP laminates (strips, sheets) in strengthening and repair work have developed
significantly for the last 20 years in Poland. Composite materials are becoming increasingly
popular in the bridge industry for strengthening purposes. These CFRP materials offer several
advantages such as resistance to corrosion, a high strength to weight ratio, and almost unlimited
delivery length (in sheet form), thus eliminating the need for joints. However, Polish experience,
presented herein, has confirmed the fact that the very high tensile strength of CFRP composites
is not fully utilized when they are applied in a passive form. To improve the effectiveness of the
CFRP composites, the original techniques of their prestressing have been developed and
successfully implemented in Poland.
The Polish experience of CFRP application for bridge strengthening has shown several
characteristics of the method, namely: it is very effective for structural strengthening itself and
technically relatively simple in the engineering practice, moreover, it can be applied at short
notice. The latter is economically significant and can be considered as a decisive factor in many
situations due to minimizing so called social costs. In most cases described above all the process
of the preparation and location of the CFRP material takes a few hours. In general, it means that
the time of bridge strengthening with CFRP can be performed in several days only. It should be
emphasized that the simplicity of its use and time effective factor of application of the method
compensate a relatively high cost of the material and, therefore, the method is highly
economically effective. Moreover, by prestressing the strip, the ultra high tensile strength of the
CFRP can be utilized and more advantages are brought to the strengthening technique.
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